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This r epo r t  p re sen t s  t h e  prel iminary d e t a i l  design of a 1 
w a t t ,  space-qual i f ied C02 l a s e r .  The l a s e r  tube u t i l i z e s  a bery l l ium 
oxide ceramic s t r u c t u r e  f o r  enhanced hea t  removal and is  conduction 
cooled. The tube has gal l ium arsenide  Brewster windows s o  t h a t  
in-cavi ty o p t i c a l  components (such a s  an  e l ec t ro -op t i c  modulator) 
can be  added i f  requi red .  The l a s e r  head has a design weight of 5.9 
l b s  and measures 12 x 4 x 4 inches.  The design employs an  e x t e r n a l  
power supply which has a design weight of 4.2 Ib s  and measures 2 x 4 x 9 
inches.  A new metal-soldering technique was developed which al lows 
bakeable u l t ra -h igh  vacuum s e a l s  t o  be made between t h e  GaAs windows 
and t h e  l a s e r  tube. The l a s e r  i s  equipped with a p i e z o e l e c t r i c  mir ror  
t ransducer  so  t h a t  manual o r  automatic con t ro l  of t h e  l a s e r  frequency 
is  poss ib le .  Experimental s t u d i e s  on mock-up l a s e r s  have shows t h a t  an 
o v e r a l l  e f f i c i e n c y  of about 7% o r  b e t t e r  i s  poss ib l e  wi th  c l o s e  a t t e n t i o n  
t o  t h e  d e t a i l e d  tube design.  Continuing l i f e  s t u d i e s  have r e s u l t e d  i n  
over 3400 hours of opera t ing  l i f e  a t  l e s s  than 25% reduct ion  i n  i n i t i a l  
power output .  To achieve t h e s e  l i f e t i m e s ,  a continuously-heated n i c k e l  
cathode was used. 
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SECTION 1 
INTRODUCTION 
The development of a space qualified GO2 lases has been 
organized into a three phase program covering design (Phase I), develop- 
ment (Phase 11) and construction and test (Phase 111). This report, 
which covers the results of the design phase, gives the details of the 
preliminary laser design as well as the results on experimental studies 
performed during the first phase. 
The object of the first phase of the program is to make a 
comprehensive examination of all of the factors that bear on the design 
of a successful space-qualified laser and develop a preliminary design 
based on the findings. Such factors as resonator configuration, type of 
discharge, type of cathodes, output mirror transparency, gas mixture and 
total pressure, laser efficiency, heat removal, frequency stability and 
amplitude stability, operating and shelf lifetimes, high voltage problems, 
telemetry requirements, space qualified materials, lift-off and operating 
environment, etc., have been considered. The second phase of the program 
will involve breadboarding and design refinement as is necessary, culmi- 
nating with a design freeze. The third phase will involve construction 
and complete environmental testing of several deliverable units. 
Of the several parameters effecting the operation of the laser, 
probably the single most important factor is the operating lifetime of 
the laser tube. Prior to the start of the program, several researchers 
had announced attainment of greater than 1000 hours of operating life in 
a sealed-off configuration. All of the studies, however, were performed 
with comparatively large-sized, high-powered lasers. A considerable portion 
of this phase of the program has been directed toward life test studies on 
small CO lasers operating in the 3 watt or less range. On-going tests have 2 
to date given operating lifetimes in excess of 3400 hours. 
Other experiments which were performed during this phase were 
1) improved window sealing techniques, 2) leak rate studies on beryllium 
oxide (to be used as part of the laser tube vacuum envelope), 3) laser 
cold cathode s t u d i e s ,  4) laser e f f i c i e n c y  s t u d i e s  on glass mock-up 
tubes ,  and 5) optimum mir ro r  t ransrn i~s /on  s t u d i e s ,  The r e s u l t s  sf  
t hese  experimental s t u d i e s  a r e  given i n  s e c t i o n  4.  Sec t ion  2 i s  a  
l i s t  of t h e  p re sen t  l a s e r  s p e c i f i c a t i o n s  and s e c t i o n  3 r e l a t e s  t h e  
d e t a i l e d  l a s e r  design.  
SECTION 2 
GEmUL SPECIFICATIONS FOR SPACE-QUfiIFIEB C02 LASER 
2.1 Laser Head and Electronics Specifications 
The following is a list of the general operational specifi- 
cations of the space-qualified C02 laser. 
1. To operate at 10.6~ (P20 transition) with C02. 
2. To operate in single mode, TEMOOq, and single frequency. 
3 .  To be stable in frequency to one part in lolo (short-term) . 
4. To operate at initial power level not less than one watt C.W. Package 
length shall not exceed twelve inches, two inches of which shall be un- 
occupied to allow for additional components to be inserted into the 
resonant cavity. 
5. To demonstrate the capability of an operating/shelf life of 3 years, 
the operating portion of which shall be not less than 10,000 hours. 
The output power shall not drop below 60% of initial power at 7000 
hours and 40% of initial power at 10,000 hours operating time. 
6 .  A completely sealed system with a small reservoir volume is pre- 
ferred. Other alternatives, such as flowing systems, periodic 
evacuation and refilling, buffering from high pressure or solid 
phase reservoirs, or recirculation in flowing systems should be 
considered only if the sealed system proves to be unattainable. In 
addition, such alternate scheme shall have sufficient reliability 
and be self-sufficient so that the required operating life of 10,000 
hours will be attained unattended. 
7. Sufficient cooling capability shall be provided to maintain full out- 
put power with heat sink maintained at 2 0 ~ ~ + 1 0 ~ ~ .  All components 
shall survive (though not necessarily in operation) prolonged ex- 
posure to space-craf t temperatures up to 150'~. 
8.  Output shall be polarized, linear to one part in 1000. 
9. Beam diameter to be not greater than 1 centimeter. 
10. To operate with beam divergence consistent with the diffraction limit 
for the selected beam diameter, The beam is to be round. 
11. To operate within an enclosure with no leakage of stray Light. 
92. To operate without any significant magnetic (and electric) field leakage, 
13. To operate in space vacuum environments after rocket launch. 
1 4 .  To operate w i th  a mdninneam angular  deviation of t h e  beam a x i s  a s  a 
functfon s f  temperature ,  t ime, veh ic l e  spin, laser age, magnetic 
f i e l d ,  e t c .  
15.  To ope ra t e  wi th  a  minimum of d ischarge  no i se ,  e t c .  The f i n a l  
s p e c i f i c a t i o n s  of t h e  over -a l l  power s t a b i l i t y  w i l l  be made con- 
s i s t e n t  wi th  t h e  s ta te -of - the-ar t  a t  des ign  f r eeze .  
16. To ope ra t e  wi th  a  power supply and c o n t r o l  package developed on 
t h i s  con t r ac t  a long wi th  t h e  l a s e r  head and meeting i d e n t i c a l  en- 
vironmental  s p e c i f i c a t i o n s .  Minimum c o n t r o l  func t ion  could be: 
(a)  t u r n  on supp l i e s ,  (b) s t a r t  d i scharge ,  and (c)  power check 
telemetry.  Any a u x i l i a r y  equipment (such a s  f o r  frequency s t a b i l i -  
za t ion ,  cool ing ,  o r  maintaining t h e  app ropr i a t e  gas composition i n  
t he  discharge)  should opera te  wi th  a  minimum of e x t e r n a l  c o n t r o l  
being requi red  and meet t he  same environmental s p e c i f i c a t i o n s .  
17. The mounting design s h a l l  be a s  nea r ly  un ive r sa l  a s  poss ib l e ,  con- 
s i s t e n t  wi th  meeting a l l  o the r  ob jec t ives .  The design s h a l l  permit  
beam a x i s  alignment wi th  a s soc i a t ed  apparatus  i n  t h e  s a t e l l i t e  
assembly phase. 
18. The weight,  s i z e ,  and power demand s h a l l  be a s  low a s  poss ib l e  con- 
s i s t e n t  w i th  meeting a l l  o the r  ob jec t ives .  
19. The m a t e r i a l s  used must be compatible wi th  genera l ly  accepted space 
p r a c t i c e .  
The C 0 2  Laser Head, power suppIy/telemeterfng assembly, an$ 
any r e l a t e d  cmponents  s h a l l  i n i t i a l l y  be q u a l i f i c a t i o n  t e s t e d  t o  with- 
s tand  t h e  ground, launch, and space mission environments of t h e  Apollo 
a p p l i c a t i o n s  launch v e h i c l e  and t h e  Apollo command/service module con- 
f i g u r a t i o n s  inc luding  those us ing  an  AAP m u l t i p l e  docking adapter  and 
a i r l o c k .  It s h a l l  perform wi th in  s p e c i f i e d  func t iona l  l i m i t s  dur ing  
and a f t e r  exposure ( a s  appl icable)  t o  t h e  t e s t s  def ined below. Tes t s  
s h a l l  be  performed i n  t h e  sequence l i s t e d ,  except f o r  l i f e  t e s t s .  Com- 
bined environments may be used where f e a s i b l e  and d e s i r a b l e ,  sub jec t  t o  
NASAIERC approval .  MIL-STD-810A "Environmental Tes t  Methods f o r  Aero- 
space and Ground ~quipment"  s h a l l  be used f o r  methods of t e s t s  where 
app l i cab le ,  un le s s  otherwise s p e c i f i e d  below. 
2.2.1 Vibra t ion  
A l l  components and equipment w i l l  be subjected t o  s i n u s o i d a l  
and random n o i s e  v i b r a t i o n  i n  each of t h r e e  mutually perpendicular  axes.  
Funct ional  t e s t s  s h a l l  be performed during and a f t e r  each a x i s  of v ib-  
r a t i o n .  Allowable (G-RMS) f 10%. 
A. S inusoida l  
5-30 cps (30.2 i n .  double amplitude 
30-2000 cps - 8.6G's peak 
Traverse frequency range up and back a t  sweep r a t e  of one octave pe r  
minute. Resonance frequencies  s h a l l  be noted and dwell  a t  main resonance 
peaks f o r  two minutes.  
B. Random 
Vibra te  f o r  f i v e  minutes i n  each plane 
2 5-30 cps from 0.02 t o  0.61 g /cps 
2 30-700 cps (30.61 g /cps 
700-900 cps (3-18db/octave 
2 900-2000 cps @0.18 g /cps 
2.2.2 Shock (Launch) 
(Non-operable) The equipment and mounting s h a l l  withstand a 
t e m i n a l  peak sawtooth shock pulse  of 78g peak amplitude f o r  10 + 5 
mi%lisecsnd ,  fneluding a decay time sf not more than PO% sf  the  t o t a l  
duratkon,  
2.2.3 Acoustical Noise 
Per the profile outlined below 113 octave band acoustical 
2 
specification PC 2 x Dynes/cm . Test duration - three minutes 
minimum. 
113 Octave Band 
Geom. Mean Freq . (cps) Db Level 
Overall 156.6 + 4db 
- Odb 
113 octave band sound pressure levels + 4db 
- Odb 
2.2.4 Acceleration 
(Launch) - An acceleration of at least log's in each of the 3 
axes for at least three minutes (in each axis) - (reentry) - 20g's in 
each axis for three minutes. 
(Operational) - Unit shall be cycled over ~O'C to 30'~ Busing 
operation. 
2,2.6 
---- 
The-ma1 Shock 
(Non operational) - Shall. be performed p e r  MIL-STD-8LBA be- 
tween t empera tu re  extremes of - 4 0 ' ~  (-40'~) t o  7 4 ' ~  ( 1 6 5 ' ~ ) ~  
2.2.7 Temperature - A l t i t u d e  
-5 Reduce chamber t o  1 x 1 0  t o r r .  I n c r e a s e  t empera tu re  t o  
1 6 0 ' ~  and t h e n  reduce  t o  OOF i n  45 minu tes  and back t o  1 6 0 ' ~  i n  a n o t h e r  
45 minu tes .  Perform t h i s  c y c l e  (90 minute  c y c l e )  s i x  t imes .  
2 .2 .8  Humidity 
10 days  of a c c e l e r a t e d  humidi ty .  
2 .2 .9  E lec t romagne t ic  C o m p a t i b i l i t y  
(EMC) - I n  accordance w i t h  MIL-STD-826. 
2.2.10 O p e r a t i o n a l  L i f e  T e s t s  
12 months minimum. Two (2) months t o  be  performed i n  vacuum 
t o r r  o r  l e s s ) .  
2 .2 .11 She l f  L i f e  T e s t s  
12 months minimum d u r a t i o n .  
2.2.12 B e a m  Q u a l i t y  
Beam Divergence,  Noise and angu la r  s t a b i l i t y  tests w i l l  b e  con- 
duc ted  and can b e  inc luded  p a r t  of f u n c t i o n a l  t e s t s  conducted w i t h  o t h e r  
environmental  t e s t s  l i s t e d  above. 
2.2.13 Oxygen Atmosphere 
The equipment s h a l l  b e  capab le  of o p e r a t i n g  i n  a p u r e  oxygen 
atmosphere a t  5 p s i  p r e s s u r e .  
2.2,14 S a l t  Fog T e s t  
P e r  MIL-STD-BIOA. 
P e r  MIL-STD-8lOA. 
SECTION 3 
'USER DESIGN 
3 . 1  General  and Summary 
T h i s  s e c t i o n  p r e s e n t s  t h e  g e n e r a l  and d e t a i l e d  d e s i g n  concep t s  
of a  1 w a t t  space  q u a l i f i e d  C02 l a s e r  c a p a b l e  of be ing  used f o r  o p t i c a l  
communications purposes .  During t h i s  phase  of t h e  program emphasis h a s  
been p laced  on an  optimum d e s i g n  f o r  t h e  C02 l a s e r  head.  Some bread-  
board ing  of v a r i o u s  l a s e r  c o n f i g u r a t i o n s  was done t o  determine many of 
t h e  d e s i g n  paramete rs .  No breadboarding of t h e  l a s e r  h igh  v o l t a g e  power 
supp ly  was d o n e , a l t h o u g h  a  p r e l i m i n a r y  d e s i g n  h a s  been completed. 
The 
d e s i g n  a r e :  
1 )  
2) 
3 
major pa ramete rs  used f o r  t h e  development of t h e  l a s e r  
S i z e  and weight  should  be  a s  s m a l l  a s  p o s s i b l e .  
The e f f i c i e n c y  of t h e  l a s e r  shou ld  be a s  h i g h  a s  p o s s i b l e ,  
The o p e r a t i n g  v o l t a g e  should be  as low a s  p o s s i b l e  con- 
s i s t e n t  wi th  o t h e r  o b j e c t i v e s .  
The l a s e r  should  be  des igned w i t h  room f o r  an  i n - c a v i t y  
modulator .  
The l a s e r  should  o p e r a t e  s ingle-wavelength ,  i n  a  TEM 
0 0 
mode, w i t h  a  s t a b l e  ou tpu t  f requency a t  t h e  1 w a t t  l e v e l .  
The l a s e r  shou ld  b e  conduct ion cooled.  
The l a s e r  must wi ths tand  l i f t - o f f  f o r c e s  and o p e r a t e  i n  a  
space environment.  
The l a s e r  tube  i s  t o  be a  s e a l e d  system w i t h  long  l i f e .  
To ach ieve  t h e  above g o a l s ,  a  l a s e r  d e s i g n  was evolved which 
has  t h e  fo l lowing  major f e a t u r e s :  
a )  Metal-ceramic l a s e r  t u b e  u s i n g  Be0 ceramic f o r  good h e a t  
conduct ion.  
b) Gall ium Arsenide Brewster windows on t h e  l a s e r  tube .  
c )  One cathode - two anode e l e c t r o d e  geometry. 
d)  gas  s t o r a g e  volume of 150 c c .  
e )  I n v a r  c a v i t y  s t r u c t u r e  f o r  good tempera tu re  and mechanical  
s t a b i l i t y .  
f )  Opt iona l  electronic stabilization f o r  improved long- 
term frequency s t a b i l i t y .  
g )  Dual h i g h  v o l t a g e  power supp ly  w i t h  c u r r e n t  c o n t r o l .  
h)  Weight of laser head and power supp ly  t o  be  approximately  
5.9 l b s  and 4 .2  l b s  r e s p e c t i v e l y .  
i )  Prime power requirement  t o  b e  less t h a n  20 w a t t s .  
The g e n e r a l  concept  of t h e  l a s e r  is  g i v e n  i n  F igure  3-1, which 
shows t h e  l a s e r  and a s s o c i a t e d  equipment i n  b l o c k  form. The l a s e r  is  
opera ted  by a  d u a l  power supp ly .  I n  t h e  e v e n t  of f a i l u r e  of one power 
supp ly ,  t h e  l a s e r  can  o p e r a t e  a t  reduced power w i t h  t h e  remaining 
u n i t .  During normal o p e r a t i o n  bo th  u n i t s  would be  i n  o p e r a t i o n .  Each 
power supply i s  capab le  of d e l i v e r i n g  3.5 kV a t  2 mA t o  t h e  l a s e r  t u b e .  The 
l a s e r  and power s u p p l i e s  w i l l  u s e  vacuum f o r  t h e  h igh  v o l t a g e  i n s u l a t i o n .  
To p r e v e n t  p o s s i b l e  breakdown due t o  i n s u f f i c i e n t  vacuum l e v e l ,  a  mechanical  
p r e s s u r e  i n t e r l o c k  i s  inc luded  t o  p r e c l u d e  turn-on of t h e  power s u p p l i e s  
u n t i l  a  p r e s e t  s a f e  p r e s s u r e  l e v e l  h a s  been reached .  
A p o r t i o n  of t h e  o u t p u t  of t h e  l a s e r  i s  d i r e c t e d  t o  a  bolometer 
d e t e c t o r  through a n  e t a l o n  wavelength s e l e c t o r  f o r  power moni to r ing .  The 
proposed e t a l o n  i s  a  t empera tu re  i n s e n s i t i v e  r e s o n a n t  s t r u c t u r e  which i s  
s e t  t o  t r a n s m i t  t h e  P(20) l i n e  a t  10.59 microns  only .  I f  t h e  l a s e r  i s  n o t  
o p e r a t i n g  on 10.59 microns ,  t h e n  t h e  manual t r a n s d u c e r  c o n t r o l  can be  
a c t u a t e d  t o  t u n e  t h e  l a s e r  c a v i t y  u n t i l  power i s  observed on t h e  d e t e c t o r .  
Automatic f requency c o n t r o l  e l e c t r o n i c s  have been added t o  t h e  
l a s e r  a s  a n  o p t i o n a l  i t e m .  Although n o t  n e c e s s a r y  f o r  l a s e r  o p e r a t i o n ,  i t  
appears  t o  be  a  d e s i r a b l e  f e a t u r e .  The t o t a l  f requency d r i f t  of t h e  l a s e r  
0 due t o  t h e  + l o  C v a r i a t i o n  i n  t h e  h e a t  s i n k  t empera tu re  w i l l  be  somewhat 
g r e a t e r  t h a n  t h e  o s c i l l a t i n g  range of a  s i n g l e  l a s e r  wavelength.  Depending 
on t h e  the rmal  t ime c o n s t a n t  f o r  t h e  e n t i r e  sys tem ( l a s e r  + s p a c e c r a f t ) ,  
ehe Laser w i l l  p e r i o d i c a l l y  jump t o  a n o t h e r  wavelength u n l e s s  t h e  piezo-  
e l e c t r i c  t r a n s d u c e r ,  on which one of t h e  l a s e r  m i r r o r s  i s  mounted, i s  used 
t o  compensate f o r  t h e  t h e m a b  d r i f t .  En some a p p l i c a t i o n s ,  t h e  APC 
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electronics can be operated c ~ n t l n u o u s l y ;  on o thers ,  i t  would be used 
p e r i o d i c a l l y  o r  not a t  a l l ,  The t y p e  of laser frequency c o n t r o l  t o  be 
used would allow t r ack ing  of t h e  18.59 micron l i n e  c e n t e r  by the  o s c i l -  
l a t i n g  mir ror  o r  "d i ther"  technique descr ibed i n  Sec t ion  3.4.3. 
The l o c a t i o n  of t h e  beam s p l i t t e r ,  e t a lon ,  d e t e c t o r  and assoc i -  
a t e d  e l e c t r o n i c s  w i l l  be  e x t e r n a l  t o  t h e  l a s e r  head. Also, t h e  power 
supp l i e s  w i l l  be  ex t e rna l .  This  arrangement f a c i l i t a t e s  mounting i n  any 
proposed o p t i c a l  arrangement and spacec ra f t  conf igura t ion .  
To achieve t h e  des i red  s p e c i f i c a t i o n s  f o r  t h e  l a s e r  and t o  
make a  u s e f u l  device,  many of t h e  l a s e r  parameters must be optimized, 
e s p e c i a l l y  i n  t h e  a r ea  of o v e r a l l  e f f i c i ency .  However, most of t h e  
e a r l i e r  work on t h e  d e t a i l e d  design of C 0 2  l a s e r s  has  been d i r ec t ed  to-  
ward a t t a i n v e n t  of r e l a t i v e l y  h igh  power; t h e  o v e r a l l  e f f i c i e n c i e s  
quoted f o r  t hese  l a s e r s  i s  not  n e c e s s a r i l y  app l i cab le  t o  very small  tubes,  
where fundamental e l ec t rode  l o s s e s  may make up an  apprec iab le  po r t ion  of 
t h e  t o t a l  l a s e r  input  power. Also, f o r  smal l  l a s e r s ,  t he  t o t a l  gain is 
r a t h e r  low, s o  t h a t  l o s s e s  i n  t h e  l a s e r  o p t i c s  which may not  be s i g n i f i -  
can t  i n  higher  power l a s e r s  p lay  an  important r o l e  i n  determining t h e  
maximum o v e r a l l  l a s e r  e f f i c i e n c y  which can be achieved. 
Another f a c t o r  which a f f e c t s  t h e  maximum power output  (and, there-  
fo re ,  t h e  l a s e r  e f f i c i ency )  i s  t h e  thermal environment of t h e  l a s e r .  Most 
labora tory  CO l a s e r s  a r e  cooled by flowing water around t h e  discharge 2 
tube maintaining t h e  l a s e r  bore temperature a t  about 1 8 O ~ .  Since t h e  
ga in  of t h e  CO l a s e r  i s  d r a s t i c a l l y  reduced a s  i t s  bore  temperature 2 
i nc reases ,  t h e  ga in  of t h e  conduction cooled S.Q. l a s e r  w i l l  be  inhe- 
0 
r e n t l y  lower a t  t h e  maximum spacec ra f t  hea t  s i n k  temperature of 30 C. 
To maintain good o v e r a l l  e f f i c i e n c y ,  i t  i s  most important then  t o  design 
a  s t r u c t u r e  which has a very low thermal impedance between t h e  spacec ra f t  
hea t  s i n k  and t h e  l a s e r  bore.  
To achieve the  opera t ing  s p e c i f i c a t i o n s  while  at tempting t o  
optimize t h e  o v e r a l l  l a s e r  e f f i c i e n c y  with minimum s i z e  and weight,  t h e  
l a s e r  head design a s  shown i n  Figure 3 - 2  has been developed. 

F i g u r e  3-2 shows t h e  Brewster Angle l a s e r  tube  mounted w i t h i n  
a rec tangular  cavi ty  s t r u c t u r e ,  The d e t a i l s  0% the  tube  will be dCs- 
cussed i n  s e c t i o n  3 . 2 .  The l a s e r  t u b e  (20) i s  a t t a c h e d  d i r e c t l y  t o  t h e  
aluminum b a s e p l a t e  (1) of t h e  l a s e r  through a  l a r g e  a r e a  aluminum h e a t  
s i n k  ( 6 ) .  The h e a t  genera ted  i n  t h e  l a s e r  t u b e  is  t h e n  conducted d i r -  
e c t l y  t o  t h e  laser b a s e p l a t e ,  t h e n  t o  t h e  s p a c e c r a f t  h e a t  s i n k .  Each 
end of t h e  l a s e r  i s  enc losed  i n  a vacuum-tight,  bel lows-sealed d u s t  
e n c l o s u r e .  
Two l i g h t e n e d  i n v a r  C frames (19) s e r v e  as t h e  c a v i t y  s p a c e r s .  
The aluminum c a v i t y  end frames (12) are mounted t o  t h e  i n v a r  and ho ld  
t h e  l a s e r  m i r r o r s  (15) (23) .  The m i r r o r s  a r e  mounted on a  unique b a l l  
j o i n t  s t r u c t u r e  (14) (28) which a l lows  m i r r o r  ad jus tment  w i t h  t h e  a i d  of 
a  d e t a c h a b l e  j i g  (not  shown) b u t  can b e  clamped t i g h t l y  a f t e r  ad jus tment  by 
means of t h e  r e t a i n e r  p l a t e  (17) ,  p rov id ing  a  l a r g e  a r e a  c o n t a c t .  The 
m i r r o r  s t r u c t u r e  is a l s o  des igned s o  t h a t  t h e  l a s e r  m i r r o r  assembly can  be  
removed w i t h o u t  u p s e t t i n g  t h e  m i r r o r  a l ignment  by unscrewing t h e  m i r r o r  
assembly mounting p l a t e  (13) .  
The opaque m i r r o r  i s  mounted on a  p i e z o e l e c t r i c  t r a n s d u c e r  (24) 
of t h e  bimorph v a r i e t y ,  which a l lows  r e l a t i v e l y  l a r g e  movement i n  a  s m a l l  
s i z e  and r e q u i r e s  r e l a t i v e l y  low v o l t a g e s .  T h i s  bimorph i s  capab le  of 
enough movement t o  compensate f o r  t h e  expected the rmal  d r i f t s  of t h e  
c a v i t y .  
The l a s e r  s t r u c t u r e  i s  a t t a c h e d  d i r e c t l y  t o  t h e  l a s e r  b a s e  by t h e  
u s e  of s l i p  f a s t e n e r s  (9 ) (10) (11)  which a l l o w  t h e  i n v a r  t o  move f r e e l y  w i t h  
r e s p e c t  t o  t h e  aluminum b a s e  i n  t h e  d i r e c t i o n  of t h e  t u b e  a x i s .  The e n t i r e  
u n i t  i s  housed i n  a  d u s t  cover  (21) which may be  removed j u s t  p r i o r  t o  
launch f o r  weight  reduction.. The l a s e r  b a s e  i s  equipped w i t h  bolt-down 
p o s i t i o n s  a long  b o t h  s i d e s  and h a s  two p r e c i s i o n  machined edges (29) which 
a r e  a c c u r a t e l y  a l i g n e d  w i t h  t h e  c e n t e r l i n e  of t h e  o p t i c a l  beam. 
The fo l lowing  s e c t i o n s  d e s c r i b e  i n  g r e a t e r  d e t a i l  t h e  i n d i v i -  
d u a l  elements of t h i s  d e s i g n ,  
3 , 2  Tube Des%gq 
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The laser  tube d e s i g n  i s  based on the folPowEng se t  of ma jo r  
pa ramete rs :  
a )  The t u b e  must be  of s u f f i c i e n t  l e n g t h  t o  p rov ide  enough 
g a i n  f o r  1 w a t t  minimum o u t p u t  power a t  t h e  maximum 
environmental  t empera tu re .  
b)  The t u b e  must o p e r a t e  w i t h  conduc t ion  c o o l i n g .  
c )  The t u b e  must o p e r a t e  w i t h  a h e a t e d  ca thode .  
d)  The t u b e  must p r o v i d e  TEMoo power o n l y .  
e )  The o u t p u t  beam must be  p o l a r i z e d .  
f )  The tube  must have a long o p e r a t i n g  l i f e .  
g)  The tube  must b e  bakeable .  
h) The t u b e  must be  rugged t o  w i t h s t a n d  l i f t - o f f  c o n d i t i o n s .  
i )  The tube  must be  capab le  of o p e r a t i n g  i n  a vacuum env i ron-  
men t . 
j) The t u b e  shou ld  have a s  h i g h  an  o p e r a t i n g  e f f i c i e n c y  a s  
p o s s i b l e .  
F i g u r e  3-3 i s  a d e t a i l e d  assembly drawing of t h e  t u b e  d e s i g n  
which appears  t o  most c l o s e l y  s a t i s f y  t h e  above requ i rements .  To a c h i e v e  
t h e  d e s i r e d  degree  of ruggedness ,  t h e  t u b e  i n c o r p o r a t e s  metal-ceramic t y p e  
of c o n s t r u c t i o n .  The t u b e  i s  of a c i r c u l a r  geometry w i t h  a 4.0 mm diamete r  
b o r e  made from b e r y l l i u m  oxide.  Four 114 i n c h  t h i c k  Be0 f i n s  a r e  l o c a t e d  
a long  t h e  t u b e  b o r e ,  approximately  e q u a l l y  spaced.  Be0 ceramic was chosen 
because  of i t s  v e r y  h i g h  c o e f f i c i e n t  of the rmal  c o n d u c t i v i t y  and l i g h t  
weight .  The o u t s i d e  s h e l l ,  made from n i c k e l - p l a t e d ,  th in-wal led Kovar, 
s e r v e s  a s  a r i g i d i z i n g  s t r u c t u r e  a s  w e l l  as t h e  vacuum envelope,  The 
spaces  between t h e  Be0 f i n s  a r e  used as a gas  b a l l a s t ,  necessa ry  f o r  i n -  
c r e a s e d  l i f e ,  and have a volume of about 150 c c ,  which i s  approximately  
80 t i m e s  t h e  a c t i v e  volume. The h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h i s  
d e s i g n  a r e  q u i t e  good: Thermal c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  temperature  
rise from t h e  o u t s i d e  s u r f a c e  of t h e  t u b e  t o  t h e  h o t t e s t  s p o t  i n  t h e  b o r e  
0 ( o u t s i d e  t h e  cathode a r e a )  w i l l  be l e s s  t h a n  4 C ,  even f o r  t u b e  d i s s i p a t i o n s  
a s  h i g h  a s  15 w a t t s .  There fore ,  t h e  b o r e  t empera tu re  w i l l  never  exceed 
about  3 4 ' ~  dur ing  o p e r a t i o n  when t h e  b a s e  p l a t e  t empera tu re  i s  a t  i t s  
0 
maximum s p e c .  v a l u e  of 30 C. 

For maximum t u b e  e f f i c i e n c y ,  t he  base r  u t i l i z e s  a coax ia l  
e l e c t r o d e  s t r u c t u r e  rather than  e l e c t r o d e s  i n  s i d e  arms. The Movar 
p i e c e s  a t  each end of t h e  l a s e r  t u b e  w i l l  s e r v e  a s  anodes w h i l e  t h e  
Nicke l  c y l i n d e r  i n  t h e  c e n t e r  of t h e  t u b e  w i l l  be  t h e  t u b e  ca thode .  
For long  l i f e  t h e  ca thode  must b e  h e a t e d  t o  a t  l e a s t  2 5 0 ' ~  d u r i n g  
o p e r a t i o n  ( s e e  s e c t i o n  on Laser  L i f e  T e s t s ) .  To a c h i e v e  t h i s  w i t h o u t  
r e q u i r i n g  a d d i t i o n a l  e x t e r n a l  h e a t ,  t h e  ca thode  h a s  been i s o l a t e d  from 
t h e  Be0 b o r e  by i n s u l a t i n g  s e c t i o n s  of alumina ceramic.  To p r o v i d e  t h e  
e l e c t r i c a l  connec t ion  t o  t h e  ca thode ,  as w e l l  a s  a d d i t i o n a l  s u p p o r t ,  
f o u r  t h i n  w i r e s  of s t a i n l e s s  s t e e l  r u n  between t h e  ca thode  and t h e  out-  
s i d e  s u r f a c e  of t h e  tube .  The w i r e s  a r e  t e rmina ted  on a n  i n s u l a t i n g  
ceramic t u b i n g  s o  t h a t  t h e  cathode may b e  o p e r a t e d  somewhat above ground 
p o t e n t i a l  i f  r e q u i r e d .  Thermal c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  s t r u c t u r e  
w i l l  be  s u f f i c i e n t l y  s e l f - h e a t i n g  t o  a l l o w  cathode t empera tu res  somewhat 
above 2 5 0 ' ~  t o  b e  reached. The major h e a t  l o s s  mechanism from t h e  ca thode  
i s  by t h e  t u b e  gas  t o  t h e  o u t s i d e  w a l l s .  
The advantages  of a  two anode,  s i n g l e  ca thode  approach over  a  
s i n g l e  c a t h o d e ,  s i n g l e  anode approach a r e :  
1 )  S p u t t e r e d  m a t e r i a l  from t h e  ca thode  i s  k e p t  f a r t h e r  from 
t h e  l a s e r  windows. 
2) T o t a l  t u b e  v o l t a g e  i s  approximately  ha lved .  
3) G r e a t e r  power i s  d i s s i p a t e d  a t  t h e  cathode,  s i n c e  t w i c e  
t h e  c u r r e n t  i s  being drawn,enabling t h e  ca thode  t o  b e  
s e l f  h e a t i n g .  
The d i sadvan tages  are t h a t  t h e  t o t a l  g a i n  f o r  t h e  same a c t i v e  
l e n g t h  i s  somewhat less, r e q u i r i n g  a  s l i g h t l y  longer  t u b e ,  and t h e  h i g h e r  
ca thode  c u r r e n t  may s h o r t e n  t u b e  l i f e  due t o  a g r e a t e r  s p u t t e r i n g  r a t e  
from t h e  ca thode .  Although t e s t s  a r e  be ing  performed t o  determine i f  t h e  
l a s e r  l i f e t i m e  i s  dependent on cathode c u r r e n t ,  r e s u l t s  t h u s  f a r  a r e  too  
premature  t o  draw any conc lus ions .  The t e s t  l a s e r  which i s  o p e r a t i n g  a t  
t h e  3000 + hour  l e v e l  a t  t h e  w r i t i n g  of t h i s  r e p o r t  o p e r a t e s  a t  a cathode 
c u r r e n t  i n  excess  of t h a t  expected f o r  t h e  above d e s i g n ,  i n d i c a t i n g  t h a t  
good l i f e t i m e  i s  a v a i l a b l e  a t  even h i g h e r  cathode c u r r e n t s  t h a n  w i l l  be 
used  i n  t h e  f i n a l  des ign .  Consider ing a l l  p o s s i b i l i t i e s ,  we feel  t h a t  
the t h r e e  electrode design I s  t h e  supe r io r  approach. 
The g a l l i u m  a r s e n i d e  Brewster windows w i l l  be  a t t a c h e d  t o  t h e  
end kovar assembl ies  u s i n g  hard  s o l d e r i n g  t echn iques  ( s e e  s e c t i o n  4 . 3 ) ,  
a l lowing  rugged ultra-high-vacuum s e a l s  t o  be  o b t a i n e d .  The window 
assembl ies  which w i l l  b e  prepared independent  of t h e  t u b e ,  w i l l  then  be  
o r i e n t e d  and hel iarc-welded t o  t h e  t u b e  a t  t h e  a p p r o p r i a t e  p o i n t  i n  t h e  
tube  f a b r i c a t i o n  c y c l e .  
The t o t a l  l e n g t h  of t h e  t u b e  (8.70 i n c h e s )  h a s  been chosen t o  
g i v e  enough g a i n  t o  p rov ide  1 w a t t  of ou tpu t  power a t  t h e  h i g h  h e a t  s i n k  
0 
t empera tu re  of 30 C.  At t h e  low h e a t  s i n k  t empera tu re  of loOc, t h e  power 
o u t p u t  w i l l  be  approximately  1 . 2  w a t t s .  The g a i n  c a l c u l a t i o n s  a r e  
c a r r i e d  o u t  i n  t h e  n e x t  s e c t i o n , i n  c o n j u n c t i o n  w i t h  t h e  o p t i c a l  d e s i g n .  
The d iamete r  of t h e  tube  i s  approximately  1 314 i n c h e s  and t h e  
t u b e  w i l l  weight  abou t  314 l b .  
Based on l i f e  t e s t  d a t a ,  i t  appears  t h a t  t h e  t u b e  w i l l  employ 
a  gas  m i x t u r e  of H 2 ,  Xe, N 2 ,  C02 and H e .  The N and He, of c o u r s e ,  a r e  2  
used w i t h  t h e  C02 t o  o b t a i n  h i g h  g a i n  and power o u t p u t .  The Xe i s  added 
t o  reduce  t h e  s t a r t i n g  and o p e r a t i n g  v o l t a g e ,  and t h e  H t o  i n c r e a s e  t u b e  2  
l i f e  by reduc ing  t h e  d i s s o c i a t i o n  r a t e  of C02. No au tomat ic  pump-out and 
r e f i l l  p rocedures  i n  space  a r e  planned f o r  t h i s  l a s e r .  The tube  w i l l  
be permanently s e a l e d  dur ing  t h e  p r o c e s s i n g  c y c l e  and w i l l  n o t  r e q u i r e  
f u r t h e r  a t t e n t i o n .  L i f e t i m e  t e s t s  on s i m i l a r  s m a l l  l a s e r s  have shown 
promise t h a t  t h e  l i f e t i m e  g o a l s  w i l l  b e  m e t  w i t h  t h i s  approach.  
We have observed t h a t ,  f o r  optimum power o u t p u t  f o r  small b o r e  
tubes  u s i n g  mix tures  w i t h  t h e  above g a s e s ,  a  Pd product  f o r  t h e  l a s e r  i s  
approximately  3 torr-cm (P i s  t h e  p a r t i a l  p r e s s u r e  of t h e  CO gas  and d 2  
is  t h e  b o r e  d i a m e t e r ) .  For t h e  4 mm d iamete r  ceramic t u b e ,  t h e  p a r t i a l  
p r e s s u r e  of CO w i l l  be q u i t e  h i g h ,  a l lowing a  r a t h e r  l a r g e  q u a n t i t y  of 2 
GO2 t o  be  s t o r e d  i n  t h e  l a s e r  w i t h  on ly  a  smal l  b a l l a s t  volume. 
En t h i s  s ec t ion ,  w e  c o n s i d e r  t h e  o p t f c a l  d e s i g n  of t he  
l a s e r  t u b e  and c a v i t y ,  a s  w e l l  a s  t h e  g a i n  c h a r a c t e r i s t i c s  of t h e  t u b e .  
The o p t i c a l  d e s i g n  p r e s e n t e d  h e r e  is  a r e s u l t  of s e v e r a l  i t e r a t i o n s  
i n v o l v i n g  v a r i o u s  b o r e  d i a m e t e r s ,  m i r r o r  c o n f i g u r a t i o n s  and t o t a l  c a v i t y  
l e n g t h .  W e  a l s o  performed mode c a l c u l a t i o n s  f o r  t h e  c a s e  of a n  i n t e r n a l  
GaAs modulator .  Because of t h e  h i g h  index  o f  r e f r a c t i o n  of GaAs, t h e  mode 
shape  changes d r a m a t i c a l l y  when t h e  modulator i s  added, r e q u i r i n g  t h a t  t h e  
o p t i c s  be  changed t o  a g a i n  o p t i m i z e  power o u t p u t .  The l a s e r  c a v i t y  o p t i c s  
shou ld  t h e n  b e  des igned t o  match t h e  s p e c i f i c  shape  and t y p e  of modu- 
l a t o r  which would be  used i n  t h e  laser.  
3 . 3 . 1  Gain C h a r a c t e r i s t i c s  
To op t imize  t h e  d e s i g n  of a  CO l a s e r ,  i t  is  r e q u i r e d  t h a t  t h e  2  
fo l lowing  paramete rs  be known: 
1 )  Gain of t h e  l a s e r  a s  a  f u n c t i o n  of 
a )  gas  mix ture  
b) t empera tu re  
c )  b o r e  d iamete r  
2) s a t u r a t i o n  parameter  a s  a f u n c t i o n  of t h e  same v a r i a b l e s .  
3)  expected l o s s e s  i n  t h e  l a s e r  o p t i c s  
Once t h e s e  pa ramete rs  are known, t h e  optimum d e s i g n  can b e  
o b t a i n e d  by r e i t e r a t i v e  c a l c u l a t i o n s  u s i n g  v a r i o u s  t u b e  geomet r ics ,  m i r r o r  
s e p a r a t i o n s ,  m i r r o r  r a d i i  of c u r v a t u r e ,  e t c .  
Unfor tuna te ly ,  n o t  a l l  of t h e  above i n f o r m a t i o n  is y e t  a v a i l a b l e  
f o r  t h e  C02 l a s e r ,  e s p e c i a l l y  i n  a  form which i s  r e a d i l y  u s a b l e .  S a t i s -  
f a c t o r i l y  d e t a i l e d  in format ion  on t h e  o s c i l l a t o r  s a t u r a t i o n  parameter  f o r  
s m a l l  b o r e  t u b e s  is ,  i n  p a r t i c u l a r ,  l a c k i n g ;  on ly  e s t i m a t e s  based on t h e  
o p e r a t i o n a l  c h a r a c t e r i s t i c s  of s e v e r a l  similar t u b e s  could  be  used i n  t h e  
c a l c u l a t i o n s .  
The power ou tpu t  c a p a b i l i t i e s  of single-mode l a s e r s  i n  terms of m i r -  
r o r  t r a n s p a r e n c y ,  g a i n  and s a t u r a t i o n  parameter  i s  covered by ~ a r r e t t " ) .  Re- 
c e n t l y ,  McElroy and re fo rmula ted  the work of G a r r e t t  t o  p rov ide  a 
s imple  s e t  of pa ramet r i c  curves  which a r e  e s p e c i a l l y  a p p l i c a b l e  t o  t h e  CO l a s e r .  2 
Frlgure 3-4 shows t h e s e  parametric cumes,wbieh we "nav found t o  accu ra t e ly  
desc r ibe  and p r e d i c t  the  c h a r a c t e r i s t i c s  of e x i s t i n g  6O2 l a s e r s .  Here the 
parameter P / K  is plotted as a function of the laser single-pass gain and 
reflectance of the output mirror (non output mirror 100% totally reflecting). 
The power output, P, can then be calculated once the gain of the laser is 
known and the parameter K is determined. K is the laser saturation power 
2 
and is approximately equal to the saturation parameter, W (watts/cm ) , times 
the beam area in the laser bore for the case of uniform spot size in the 
laser. 
Using this approximation for several lasers in our laboratory, we 
have obtained consistent results when a saturation parameter W of about 
2 250 watts/cm is used for small bore tubes operating at high pressures. 
Also, for the case of small bore tubes (of about 5 mm bore 
diameter) we have made gain measurements and have found maximum 
values to be about 5 1/2 dB/meter for sealed systems operating at a 20'~ 
water jacket temperature. No extensive measurements, however, were taken 
to determine the variation of gain as a function of bore diameter and bore 
temperature. 
The required active laser length can then be calculated once the 
bore size has been chosen. As will be seen in the next section, a bore 
diameter of 4 mm seems to be most suitable. Therefore, to obtain the de- 
sired 1 watt output, 
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F igure  3-4. Output Power as a f u n c t i o n  of Mir ro r  Reflectance f o r  a 
Number of Values f o r  t h e  Single-pass Gain. 
From F i g u r e  3-4, t h e  r e q u i r e d  t o t a l  g a i n  i s  about  0.6dB and 
t h e  optimum m i r r o r  r e f l e c t i v i t y  is  about  93%. The a c t i v e  l e n g t h ,  R, 
r e q u i r e d  t o  o b t a i n  t h e  0.6dB g a i n  i s  t h e n  
S i n c e  t h e  c e n t e r  ca thode  r e g i o n  (approximately  3  cm long)  w i l l  
b e  o p e r a t i n g  h o t  and w i l l  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  g a i n ,  a  t o t a l  
a c t i v e  l e n g t h  of abou t  1 4  cm appears  t o  be  r e q u i r e d .  
The above r e s u l t s  a r e  c a l c u l a t e d  f o r  t h e  c a s e  of a  l a s e r  t u b e  
o p e r a t i n g  w i t h  a  b o r e  t empera tu re  of about  2 0 ' ~ .  To de te rmine  t h e  e f f e c t s  
of h i g h e r  t empera tu re  on g a i n ,  power o u t p u t  measurements were made on a 
smal l -bore  q u a r t z  l a s e r  t u b e  as t h e  t empera tu re  of t h e  wa te r  j a c k e t  w a s  
i n c r e a s e d .  F i g u r e  3-5 shows t h e  r e s u l t s  of t h e s e  measurements. 
The maximum tempera tu re  of t h e  l a s e r  b o r e  d u r i n g  o p e r a t i o n  i s  
expected t o  be  about  3 4 ' ~  i n d i c a t i n g  t h a t  a  power r e d u c t i o n  of about  15% 
below t h a t  which would b e  ob ta ined  a t  2 0 ' ~  can b e  expec ted .  To compensate 
f o r  t h i s  power l o s s ,  t h e  l a s e r  t u b e  h a s  been designed w i t h  a 16 cm a c t i v e  
l e n g t h .  
T e s t s  on mock-up l a s e r s  were performed t o  v e r i f y  some of t h e s e  
c a l c u l a t i o n s .  The r e s u l t s  of t h e s e  t e s t s  a r e  desc r ibed  i n  S e c t i o n  4 .5 .  
3 .3 .2  Laser  Bore and Mir ro r  Design 
To o p t i m i z e  t h e  power ou tpu t  c a p a b i l i t y  of t h e  l a s e r ,  t h e  e n t i r e  
mode volume of t h e  l a s e r  should  be  u t i l i z e d  t o  a s  g r e a t  an  e x t e n t  a s  
p o s s i b l e .  Opera t ion  w i t h  mode shapes  which have g r e a t l y  v a r y i n g  s i z e s  
from one end of t h e  l a s e r  t o  t h e  o t h e r ,  such a s  t h e  hemispher ica l  mode, 
can e a s i l y  l e a d  t o  t h e  c o n d i t i o n  where one end of t h e  t u b e  i s  o p e r a t i n g  
s a t u r a t e d  w h i l e  t h e  o t h e r  end i s  f a r  f r ~ m  s a t u r a t i o n .  A l o n g - r a d i u s  m i r r o r  
c o n f i g u r a t i o n  p r o v i d e s  a  f a i r l y  uniform o p t i c a l  beam w i t h i n  t h e  Laser c a v i t y ,  
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F i g u r e  3-5. Power Output vs.  Bore Temperature 
of Smal l  CO L a s e r .  2 
bu t  does no t  o f f e r  very good mode discrimination  characteristic^'^' . A 
f a i r l y  good compromise d e s i g n ,  which p r o v i d e s  s u f f i c i e n t  beam u n i f o r m i t y  
a s  w e l l  a s  e x c e l l e n t  mode d i s c r i m i n a t i o n  between t h e  TEM and TEMOl mode 0  0  
is  t h e  hemi-confocal  c a v i t y .  
Assuming t h a t  t h e  laser t u b e  i s  t h e  l i m i t i n g  a p e r t u r e  f o r  t h e  
i n t e r n a l  o p t i c a l  beam, t h e  F r e s n e l  number, N ,  f o r  t h e  l a s e r  i s  g i v e n  a s  
where a  i s  t h e  b o r e  r a d i u s ,  L is  t h e  o p t i c a l  d i s t a n c e  between m i r r o r s  and 
X i s  t h e  o p e r a t i n g  wavelength.  Using t h e  computer r u n  d i f f r a c t i o n  l o s s  
c u r v e s  by Li(3)  t h e  l o s s e s  f o r  t h e  TEM mode and t h e  TEM mode were  00 0  1 
c a l c u l a t e d  and are l i s t e d  i n  Tab le  3-1. 
TEMOO Loss 
5.3% 
2.6% 
1.0% 
0.3% 
TEMOl Loss 
TABLE 3-1 
Mode Losses f o r  Var ious  F r e s n e l  Numbers f o r  t h e  Hemi-Confocal 
Cav i ty .  
To suppress  t h e  TEM mode from o s c i l l a t i n g ,  t h e  d i f f r a c t i o n  0 1  
l o s s e s  must b e  g r e a t e r  t h a n  t h e  r e s i d u a l  g a i n  f o r  t h i s  mode. From t h e  
curves  i n  F i g u r e  3-4, i t  can be s e e n  t h a t  f o r  t h e  chosen m i r r o r  r e f l e c t i v i t y  
of about  93%, t h e  g a i n  f o r  any mode i n  t h e  l a s e r  must be  g r e a t e r  t h a n  about  
0.3dB (8%) i n  o r d e r  t o  o s c i l l a t e .  A s  s e e n  e a r l i e r ,  t h e  u n r e s t r i c t e d  g a i n  
of t h e  l a s e r  t u b e  i s  about 15% ( 0 . 6 d ~ ) .  There fore ,  t h e  a d d i t i o n a l  l o s s  r e -  
q u i r e d  t o  p r e v e n t  t h e  TEM mode from o s c i l l a t i n g  i s  about  7%.  From Table  01 
1, a F r e s n e l  number of about 1 .4  should p rov ide  t h e  r e q u i r e d  l o s s  t o  en- 
s u r e  on ly  TEM mode o s c i l l a t i o n .  Th is  P r e s n e l  number i s  la rge  enough s o  00 
t h a t  t h e  l o s s  t o  t h e  TEMOO mode is  q u i t e  s m a l l ,  
The r e q u i r e d  l a s e r  tube  bore s i z e  can new be ca l cu la t ed  once 
the m i r r o r  s e p a r a t i o n ,  L, bas been es t ab l i shed ,  The m i r r o r  s epa ra t ion  
h a s  been chosen a s  28 112 cm based on t h e  requirement  t o  a l low a n  open 
a r e a  of 2.0 i n c h e s  i n  t h e  c a v i t y  f o r  t h e  a d d i t i o n  of e x t r a  i n - c a v i t y  
components. The b o r e  d iamete r  t h e n  i s  
The corresponding s p e c i f i c a t i o n s  f o r  t h e  r a d i u s  of c u r v a t u r e  
on t h e  m i r r o r s  f o r  t h e  hemi-confocal c a v i t y  a r e  t h e n  
Output Mir ro r :  F l a t  
Opaque Mir ro r :  57 cm 
Table  3-2 summarizes t h e  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  laser 
tube .  
TABLE 3-2 ' 
Summary of O p t i c a l  Design Parameters  
of t h e  Space Q u a l i f i e d  C02 Laser  
Output Mirror  - - - - - - - - - - - - 
Opaque Mir ro r  - - - - - - - - - - - - 
Mirror  S e p a r a t i o n  - - - - - - - - - - 
Type of Cavi ty  - - - - - - - - - - - 
A c t i v e  Length of Lase r  - - - - - - - 
Bore Diameter - - - - - - - - - - - - 
F r e s n e l  Number - - - - - - - - - - - 
Power Output V a r i a t i o n  w i t h  h e a t  
S ink  Temperature V a r i a t i o n  
from l 0 ~ ~ - 3 0 ~ ~  - - - - - - - - - - 
93% R e f l e c t i n g ,  f l a t  
100% R e f l e c t i n g ,  57 cm 
r a d i u s  of c u r v a t u r e  
28 112 cm 
Hemi-confocal 
16 cm 
4.0 mm 
1 . 4  
1 . 2  w a t t s  - 1 . 0  w a t t s  
3 , 4  -----a- Freqqency-si t y  Consider  a t  ions 
It. is t he  intention t h a t  the  space  q u a l i f i e d  6O2 laser be 
capab le  of be ing  used a s  a communications source .  A s  a  r e s u l t ,  mode 
c h a r a c t e r i s t i c s  and f requency s t a b i l i t y  of t h e  l a s e r  a r e  of importance.  I n  
a lmost  a l l  of t h e  e n v i s i o n e d  a p p l i c a t i o n s ,  t h e  l a s e r  w i l l  be  used i n  a  h e t e -  
rodyne t y p e  of sys tem i n  which a  l o c a l  o s c i l l a t o r  laser l o c a t e d  a t  t h e  re -  
c e i v e r  w i l l  be locked i n  f requency t o  t h e  t r a n s m i t t e r  l a s e r .  T h e r e f o r e ,  
long-term frequency d r i f t s  i n  t h e  t r a n s m i t t e r  w i l l  n o t  a f f e c t  t h e  ope- 
r a t i o n  of t h e  sys tem u n l e s s  t h e  e x t e n t  of t h e  d r i f t  i s  g r e a t  enough t o  
push t h e  l o c a l  o s c i l l a t o r  o f f  i t s  o p e r a t i n g  l i n e .  For t h i s  r e a s o n ,  
a  nominal long-term s t a b i l i t y  f i g u r e  f o r  t h e  l a s e r  can be  g iven  as about  
520 MHz ( s u b j e c t  t o  m o d i f i c a t i o n  according t o  t h e  p a r t i c u l a r  a p p l i c a t i o n .  ) 
Short-term i n s t a b i l i t i e s ,  on t h e  o t h e r  hand, can a f f e c t  t h e  q u a l i t y  
of t h e  communication s i g n a l  i f  t h e  r a t e  of f requency f l u c t u a t i o n s  f a l l s  
w i t h i n  t h e  i n f o r m a t i o n  bandwidth of t h e  s i g n a l .  The t o l e r a b l e  l i m i t s  on 
t h e  i n s t a b i l i t i e s  a g a i n  depends on t h e  p a r t i c u l a r  a p p l i c a t i o n ,  b u t  i n  
most c a s e s ,  s t a b i l i t i e s  i n  t h e  kHz range a r e  d e s i r e d  f o r  t ime p e r i o d s  
between 1 0  t o  100 m i l l i s e c o n d s .  
More than adequa te  f requency s t a b i l i t i e s  have been r e p o r t e d  i n  
t h e  p a s t ( 4 )  f o r  b o t h  t h e  long and s h o r t  term i n  r a t h e r  massive  s t r u c t u r e s .  
The purpose  i n  t h e  p r e s e n t  d e s i g n  i s  t o  g e n e r a t e  adequa te  s t a b i l i t i e s  
u s i n g  t h e  l e a s t  p o s s i b l e  weight  and power, b u t  s t i l l  supp ly  t h e  r e q u i r e d  
mechanical  r i g i d i t y  t o  w i t h s t a n d  t h e  l i f t - o f f  environment.  
S e v e r a l  f a c t o r s  p l a y  important  r o l e s  i n  t h e  d e s i g n  t r a d e - o f f s :  
a )  Short-term i n s t a b i l i t i e s  can b e  caused by bo th  t h e  environ-  
mental  a c o u s t i c a l  n o i s e  and by t h e  r i p p l e  from t h e  l a s e r  
power supp ly  ( 5 ) ( 6 ) .  The ampli tude of t h e  a c o u s t i c a l  n o i s e  
i n  t h e  space  environment i n  which t h e  l a s e r  w i l l  o p e r a t e  
w i l l  be s u b s t a n t i a l l y  below t h a t  i n c u r r e d  i n  a  normal l a b o r -  
a t o r y .  
b) The long-term frequency d r i f t  i s  d i r e c t l y  dependent on t h e  
t h e m a l  environment surrounding t h e  laser .  
c )  Long-term frequency drifts can he e a s i l y  tracked out  by 
(5) electronic frequency c o n t r o l  techniques . 
To ach ieve  t h e  r e q u i r e d  mechanical  r i g i d i t y  a g a i n s t  v i b r a t i o n ,  
b o t h  f o r  t h e  purposes  of p rov id ing  good f requency s t a b i l i t y  and f o r  suc- 
c e s s f u l l y  w i t h s t a n d i n g  t h e  f o r c e s  dur ing  l i f t - o f f ,  t h e  i n d i v i d u a l  e l e -  
ments of t h e  s t r u c t u r e  must b e  des igned w i t h  geometr ies  and methods of 
s u p p o r t  t h a t  do n o t  have low frequency,  poorly-damped t r a n s v e r s e  reson- 
ances .  I n  g e n e r a l ,  t h e  j o i n t s  between v a r i o u s  components of t h e  s t r u c t u r e ,  
e s p e c i a l l y  i n  t h e  a r e a  of t h e  m i r r o r  mounts, should  be  des igned  t o  have 
l a r g e - a r e a  c o n t a c t s  i n  o r d e r  t o  keep t h e  s p r i n g  c o n s t a n t s  of t h e  j o i n t s  
h igh .  
These t echn iques  have been used i n  t h e  d e s i g n  o f  t h e  p r e s e n t  
l a s e r  i n  a l l  a r e a s ,  excep t  p o s s i b l y  i n  t h e  d e s i g n  of t h e  p i e z o e l e c t r i c  
t r a n s d u c e r .  The t r a n s d u c e r  i s  a  unique i t e m  and h a s  r e c e i v e d  s p e c i a l  
a t t e n t i o n .  I ts des ign  i s  t r e a t e d  i n  d e t a i l  i n  S e c t i o n  3.5.  
Laser  s t r u c t u r e s  s i m i l a r  t o  t h a t  used f o r  t h i s  d e s i g n  have been 
b u i l t  and t e s t e d  i n  our  l a b o r a t o r y  and have provided shor t - t e rm s t a b i l i t i e s  
1 0  
of 1:10 i n  a  normal l a b o r a t o r y  environment.  We f e e l  t h a t  s u b s t a n t i a l l y  
b e t t e r  s t a b i l i t y  f i g u r e s  w i l l  most c e r t a i n l y  b e  ob ta ined  i n  t h e  space  
environment.  
The shor t - t e rm frequency i n s t a b i l i t i e s  caused by t h e  l a s e r  power 
supp ly  r i p p l e  have been w e l l  documented i n  t h e  l i t e r a t u r e .  (5) ( 6 )  These a r e  
caused by v a r i a t i o n  i n  t h e  index  of r e f r a c t i o n  of t h e  l a s e r  gas  w i t h  t u b e  
c u r r e n t .  T y p i c a l  f i g u r e s  f o r  t h e  f requency s h i f t  a r e  on t h e  o r d e r  of 314 
MHz/mA f o r  l a s e r s  of t h e  s i z e  t o  be  used h e r e .  To a c h i e v e  1:101° s t a b i l i t y  
( 3  kHz), t h e  r i p p l e  c u r r e n t  through t h e  t u b e  must be  less t h a n  about 4 P A .  
From t h e  V- I  c h a r a c t e r i s t i c s  f o r  tubes  of d e s i g n  s i m i l a r  t o  t h e  space- 
q u a l i f i e d  t u b e ,  t h e  change i n  t u b e  v o l t a g e  w i t h  c u r r e n t  i s  about  110 V/mA 
a t  t h e  expected o p e r a t i n g  c u r r e n t  of t h e  tube .  The power supply r i p p l e  
f i g u r e  must t h e n  be l e s s  t h a n  about I /% v o l t  peak t o  peak,  For t h e  
case of a 4000 v o l t  supply,  t h i s  corresponds t o  about Q,Q1% peak-to- 
peak r i p p l e .  The power supply designed f o r  t h i s  program has such a 
r i p p l e  f i g u r e .  I t  i s  important t o  no te ,  however, t h a t  t h i s  f i g u r e  app l i e s  
not  only t o  t h e  r i p p l e  content  from t h e  conver te r ,  which normally 
opera tes  a t  a  r e l a t i v e l y  high frequency, bu t  a l s o  t o  t h e  no i se  content  
on t h e  space c r a f t  prime power supply used t o  opera te  t h e  l a s e r .  
3.4.2 Long-Term Frequency S t a b i l i t y  
The major causes of long-term frequency d r i f t s  i n  t h e  l a s e r  a r e  
thermal e f f e c t s  which change t h e  phys i ca l  s i z e  o r  o p t i c a l  th ickness  of 
r e l even t  p a r t s  of t h e  l a s e r .  The opera t ing  frequency, f ,  of a  s i n g l e  
mode l a s e r  i s  given by 
where q is  t h e  number of half-wavelengths between the  l a s e r  mi r ro r s ,  c  
i s  t h e  v e l o c i t y  of l i g h t  i n  vacuum and Lo i s  t h e  o p t i c a l  d i s t a n c e  between 
mi r ro r s .  The change i n  l a s e r  frequency due t o  a  change i n  c a v i t y  l eng th  
i s  given by 
where ALn is  t h e  o p t i c a l  l ength  change due t o  each of n  var ious  components 
which c o n t r i b u t e  t o  t h e  cav i ty  length  changes. Figure 3-6 shows t h e  major 
elements t o  be  considered here .  
The mi r ro r s  a r e  separated o p t i c a l l y  by t h e  Brewster angle  win- 
dows and the  gas d ishcarge ,  and mechanically by the  frame, p i e z o e l e c t r i c  
t ransducer ,  mi r ro r  s u b s t r a t e  and thermal compensator. 
Table 3-3 gives thermal p r o p e r t i e s  of t h e  major con t r ibu t ing  
m a t e r i a l s  t o  be used i n  t he  C02 l a s e r  along with t h e i r  expected phys ica l  
l eng ths ,  R. A few o ther  ma te r i a l s  a r e  a l s o  l i s t e d .  A s  can be seen ,  t he  
mechanical c o e f f i c i e n t  of expansion of GaAs i s  small  compared t o  i t s  
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Figure 3-6. Diagram of Laser showing Elements Affecting 
Frequency Stability due to Temperature Drifts. 
optical thickness change with teqerature, Using super invar (a special 
grade of standard invar)and G&s windows, the thermal sensitivity of t h e  
laser can be written as 
and for LC 1 2 8  112 em 
Super 
Windows Invar Transducer Mirror 
TABLE 3-3 
Thermal Characteristics of Possible CO Laser Materials 2 
Material 
Aluminum 24 x 
Invar 1 x lo-6 
Super Invar 2 
Cervi t 1 lo-' 
Thickness 
As required 
Germanium +4.6 x low4* 4.0 
Windows 
(gallium 6.9 x +2.1 x 3.24 Qw = 0.1 cm 
arsenide) each window 
Transducer $5 x lo--6 
Ceramic (PZT) 
Mirror 
Substrate 
(glass) 
* As measured at Sylvania by interference techniques using a stabilized 
C02 laser. 
As can be seen, the  windows are t h e  major c o n t r i b u t o r s  $0 t he  
long %em instabilities of the laser frequency. 
If the entire structure can be kept in thermal equilibrium, then 
By choosing R " 1.9 cm, then the effective coefficient of 
a1 " 
expansion can be made to equal zero. 
In practice, it is extremely difficult to obtain a near-zero 
coefficient of expansion by thermal compensation. Small thermal gradients 
and variations in a with temperature limit the effectiveness of the com- 
pensations. An order of magnitude reduction in the thermal sensitivity, 
however, is achievable and has been demonstrated in our laboratory. We 
therefore feel, that a thermal sensitivity figure for the laser of 
may be achieved by accurate thermal compensation techniques. This figure 
would only be applicable after thermal equilibrium in the laser has been 
achieved. During warm-up, or during some period in which rapid thermal 
transients were taking place, the laser windows most likely could not be 
kept in thermal equilibrium with the rest of the laser structure even 
though they are tied together through the base plate. 
Since the Brewster windows are the greatest contributors to 
the laser frequency instability, selecting a frame material, such as 
cervit, with an expansion coefficient less than super invar, does not 
significantly help. Invar has a major advantage that it can be machined 
to the desired shape (rather than cast) and has very good thermal con- 
ductivity compared to other low-expansion materials. Although its density 
is quite high, the strength of the material is excellent, allowing selective 
removal of material to reduce its weight. 
Since the laser tube must be mounted d i r e c t l y  t o  the base p l a t e  
t o  remove the heat genera ted  i n  t h e  plasma, the window t e m p e r a t u r e  can 
vary directly with the base plate temperature. For a +LO'C base plate 
temperature environment,the best laser frequency stability will be about 
+50 MHz Eor the full range of expected operating temperatures. This fre- 
quency drift is outside the approximate +30 MHz range required for reliable 
single-wavelength operation; as a result, the laser will periodically 
change wavelengths when the base plate temperature drifts to the extremes 
of its range. 
To compensate the these frequency drifts, an automatic frequency 
control loop is suggested for use with the laser. It can be arranged that 
the control loop be actuated only when the frequency goes beyond certain 
preset limits set by the experimenter, or the control loop can be operated 
continuously. The following section describes the techniques for obtaining 
automatic laser frequency control. 
3.4.3 Electronic Laser Frequency Control 
It is not clear that an electronic control loop for the laser 
frequency will be required or desired in all the envisioned applications. 
However, there certainly will be instances when such a control loop will 
be desirable. As mentioned in the previous section, without some manual 
or automatic adjustment of one of the laser mirrors through the piezo- 
electric transducer, the laser will tend to hop to a different wavelength 
periodically. A simple automatic control scheme, which has been demon- 
strated in the laboratory(5), can be used to prevent the large long-term 
frequency drifts. 
Figure 3-7 shows the technique for frequency control, commonly 
known as the "dither" scheme, since a small oscillation or dither of a 
laser mirror is required to generate a frequency discriminant. The oscil- 
lation of the mirror generates a small FM component on the laser beam. The 
FM is converted to an AM signal due to the non-linear gain curve of the laser. 
Figure 3-7. Generation and Measurement of the Frequency 
Calibration Discriminant. 
As the  laser frequency i s  swept across the power output curve 
of the  l a s e r  a t  a r a t e  which is slow compared t o  t he  d i t h e r  frequency, 
t h e  amplitude of t h e  AM s i g n a l  a t  t h e  f i r s t  harmonic frequency of t h e  
o s c i l l a t o r  which d r i v e s  t h e  mir ror  goes t o  zero a t  l i n e  cen te r .  
The equat ion f o r  t h e  f i r s t  harmonic vo l t age  s i g n a l  seen a t  t he  
d e t e c t o r  is  given by: 
where : 
R = de tec to r  r e spons iv i ty  
P = maximum l a s e r  power ( a t  t h e  de t ec to r )  
m 
f d  = peak frequency dev ia t ion  
vO = l i n e  cen te r  frequency 
v = l a s e r  o s c i l l a t i o n  frequency 1 
m = modulation frequency 
Assuming a minimum de tec t ab le  vo l t age  s i g n a l  produced a t  t h e  input  t o  
t h e  f i r s t  ampl i f i e r  j u s t  equal  t o  t h e  t o t a l  no i se ,  Vn ms, r e f e r r e d  t o  
t h a t  po in t ,  an  expression is  obtained f o r  t h e  minimum d e t e c t a b l e  frequency 
o f f s e t  from t h e  l i n e  center :  
E v  
- v ) min = n rms(Af osc (vo 1 RPmf d 
Values f o r  t hese  parameters which would be app l i cab le  t o  t h e  
space q u a l i f i e d  l a s e r  a r e  shown i n  Table 3-4. With a modulation frequency 
of 100 Hz and a peak l a s e r  frequency swing of +500 kHz, then a long-term 
frequency s t a b i l i t y  of about f l l  kHz should be poss ib l e  with t h e  b e s t  low 
no i se  ampl i f i e r s .  
I n  l abo ra to ry  experiments a t  ~ ~ l v a n i a ( ' )  on I wat t  C 0 2  l a s e r s ,  
long tern s t a b i l i t y  f i g u r e s  of k20 kHz have been achieved using t h i s  
Frequency Control Parameters 
Symbol Description Value 
Laser 
P Maximum laser power on detector 2 m 
m 
Peak frequency deviation 
Effective width of laser 
oscillation range 
500 kHz 
200 MHz (I) 
0 Modulation frequency (radians) 
m 
100 Hz (2 IT) 
Detector and 
Amplifier 
R 
(DET) 
n rms 
v 
n rms 
System 
Vl(t)min 
Responsivity at am 2000 mv/mw (2)  
Detector RMS noise voltage in 2.9 pv(3) Hz) 
specified bandwidth 
Amplifier noise figure 112 db 
Total noise 3.0 pV 
Minimum observable peak AM 4.2 pV 
signal = 2 (V 
n rms 
(total)) 
Laser stability level resulting tll kHz 
from system noise 
(see Equation 2). 
(1) This parameter is subject to laser gas pressure and mixture conditions 
and final determination will be made experimentally. 
(2) Typical for Barnes germanium-immersed bolometer with 0.25 mm2 sensitive 
area and 2.0 millisecond time constant. 
(3) Johnson noise typical for 0.5 megohm Ge-immersed bolometer. 
technique. It appears t h a t  t h e  stability level  achievable by the d l t h e r  
approach exceeds t he  requirements ow the laser as far as they are now 
known. 
The a c t u a l  implementation of t h e  l a s e r  frequency con t ro l  scheme 
i s  shown i n  Figure 3-8. Given a c a l i b r a t i o n  command, t h e  frequency con- 
t r o l  u n i t  begins slowly tuning t h e  l a s e r  frequency while  t h e  d i t h e r  s i g n a l  
is  on. The l i n e  s e l e c t i o n  f i l t e r ,  cons i s t i ng  of an a i r  gap e t a l o n  112 mm 
t h i ck  ( see  s e c t i o n  3.6) and a blocking f i l t e r ,  passes  energy t o  the  bolo- 
meter a t  only t h e  des i red  t r a n s i t i o n .  Af te r  a s i g n a l  i s  received,  t h e  
bolometer t r i g g e r s  t he  threshold  gate,which s t o p s  t h e  i n i t i a l  search  con- 
t r o l .  Simultaneously, t he  phase d e t e c t o r  provides a co r r ec t ion  s i g n a l  
t h a t  tunes t he  l a s e r  t o  i t s  own l i n e  c e n t e r ,  The manual-tune mode d i s -  
ab l e s  t he  lock  and allows d i r e c t  tuning from t h e  ground. 
The d e t a i l  e l e c t r o n i c s  of t h i s  con t ro l  loop have not  been de- 
s igned during t h i s  phase bu t  w i l l  be  considered i n  t he  next  phase. Present  
es t imates  on s i z e ,  weight and power requirements f o r  t h e  c o n t r o l  c i r c u i t  
a r e  1" x 2" x 4 " ,  0.8 l b s  and 1 watt ,  using t h i c k  f i lm  techniques. 
3.5 Transducer Design 
I n  order  t o  compensate f o r  t he  long-term thermal d r i f t s  and t o  
i n i t i a l l y  l o c a t e  t he  des i red  wavelength from t h e  l a s e r  (P20 t r a n s i t i o n )  an 
electro-mechanical t ransducer  i s  required which w i l l  al low con t ro l l ed  
movement of one of t h e  l a s e r  mir rors .  The e l e c t r o n i c  compensation re-  
qu i red  t o  t r a c k  out the  thermal d r i f t s  was seen i n  s ec t ion  3 .4 .2  t o  be 
r a t h e r  smal l ,  on t h e  order  of 250 MHz, which i s  equivalent  t o  about 
+I120 of a wavelength a t  10 microns f o r  t h e  proposed cav i ty  s i z e .  How- 
ever ,  t o  ensure t h a t  t h e  des i red  wavelength can always be obtained i n i -  
t i a l l y ,  t h e  transducer must be capable of moving X/2. 
Several  types of t ransducers  a r e  capable of providing t h i s  move- 
ment, b) s  tack- of- p l a t e s  t ransducer ,  2 )  c y l i n d r i c a l  t ransducer ,  and 3 )  
benderbimorph t ransducer .  Table 3.5 compares t hese  t ransducers  f o r  
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Figure  3-8, Laser  Frequency Control 
TABLE 3-5 
Comparison of P i e z o e l e c t r i c  Transdu- r er  s 
S t a c k  of 
P l a t e s  C y l i n d r i c a l  Bimorph 
T y p i c a l  Transducer  Length Re- 1 . 5  3 .5  0.15 
q u i r e d  t o  o b t a i n  5 p  movement (cm) 
Required v o l t a g e  t o  o b t a i n  400 1000 110 
5v movement ( v o l t s )  
Unloaded resonan t  f requency 100 
(kcps)  
c o n f i g u r a t i o n s  which would be  a p p r o p r i a t e  f o r  t h e  space  q u a l i f i e d  C02 
l a s e r .  The comparison g i v e s  o n l y  approximate v a l u e s  t o  i n d i c a t e  t h e  
v a r i o u s  t r a d e - o f f s  invo lved .  The bimorph t r a n s d u c e r  r e q u i r e s  much l e s s  
p h y s i c a l  space  and r e q u i r e s  s u b s t a n t i a l l y  lower o p e r a t i n g  v o l t a g e  over  
t h e  o t h e r  u n i t s .  Although i t s  r e s o n a n t  f requency i s  low, i t  i s  n o t  sub- 
s t a n t i a l l y  below t h a t  expected f o r  t h e  o v e r a l l  l a s e r  s t r u c t u r e .  
The s tack-of -p la tes  t r a n s d u c e r  u t i l i z e s  s e v e r a l  epoxied p l a t e s  
connected e l e c t r i c a l l y  i n  p a r a l l e l  b u t  mechanical ly  i n  s e r i e s  t o  p rov ide  
r e l a t i v e l y  l a r g e  motion b u t  w i t h  on ly  t h e  v o l t a g e  r e q u i r e d  f o r  one p l a t e .  
The p l a t e s  o p e r a t e  on a t h i c k n e s s  expansion mode. The c y l i n d r i c a l  t r a n s -  
ducer  is a s i n g l e  u n i t  w i t h  e l e c t r o d e s  on i t s  i n s i d e  and o u t s i d e  s u r f a c e s .  
It i s  po led  s o  t h a t  a s  v o l t a g e  i s  a p p l i e d ,  t h e  l e n g t h  of t h e  c y l i n d e r  
changes.  This  mode of o p e r a t i o n  i s  n o t  a s  e f f i c i e n t  a s  t h a t  f o r  t h e  s t a c k -  
o f - p l a t e s  t r a n s d u c e r ,  r e q u i r i n g  much h i g h e r  v o l t a g e s  and a l a r g e r  s i z e .  
A "bimorph" o r  "bender" t r a n s d u c e r  i s  a p i e z o e l e c t r i c  d e v i c e  
made from two t h i n ,  p la te-shaped t r a n s d u c e r  e lements  bonded t o g e t h e r  i n  
such a manner t h a n  when one c o n t r a c t s  i n  l e n g t h ,  t h e  o t h e r  expands.  Th is  
p r o v i d e s  a bending motion when one end of t h e  t r a n s d u c e r  i s  allowed t o  
remain uncons t ra ined .  I f  t h e  bender is  clamped a t  b o t h  ends ,  w i t h  a 
m i r r o r  mounted i n  t h e  c e n t e r  of t h e  bender ,  a s  shown i n  F igure  3-9, t h e n  
t h e  m i r r o r  can be t r a n s l a t e d  wi thou t  t i l t i n g .  
F i g u r e  3-9. Doubly Clamped Bimorph With Laser  Mir ro r  Mounted. 
The p e r t i n e n t  approximate e q u a t i o n s  which d e s c r i b e  t h e  o p e r a t i o n  of t h e  
bimorph a r e  g iven  by * 
!?, 
x = d  V - 
31 t 2 ) Linear  bimorph, edge clamped 
where x i s  t h e  m i r r o r  d isplacement  i n  m e t e r s ,  d31 i s  t h e  p i e z o e l e c t r i c  co- 
-12 
e f f i c i e n t  i n  m e t e r s / v o l t s  (166 x 10 f o r  G l e n i t e  G-1500 m a t e r i a l ) ,  V i s  
a p p l i e d  v o l t a g e ,  R i s  t h e  l e n g t h  i n  i n c h e s ,  r i s  t h e  t o t a l  bimorph t h i c k -  
n e s s  i n  i n c h e s ,  and f  is t h e  fundamental  r esonan t  f requency of t h e  bimorph. 
r 
Also of importance i n  t h e  d e s i g n  of bimorph t r a n s d u c e r s  is  t h e  v o l t a g e  
l i m i t s  which must be observed.  The t h i n  bimorphs proposed have a n  e l e c t r i c  
f i e l d  l i m i t  of about  10 v o l t s / m i l .  
Tradeoff a n a l y s i s  i n v o l v i n g  s i z e  l i m i t a t i o n  i n  t h e  l a s e r  package,  
maximum v o l t a g e s ,  mounting c o n f i g u r a t i o n s  and environmental  s t r e s s  l e v e l s  
* Handbooks from Gulton I n d u s t r i e s  and C l e v i t e  
-38- 
i nd ica te s  t h a t  a l i n e a r  birnorph wi th  the  following c h a r a c t e r i s t i c s  will 
be most s u i t a b l e :  
Length : 
Width : 
Thickness: 
Maximum s a f e  vol tage :  
Normal vol tage  range: 
Normal displacement: 
Resonant frequency: 
1.0 inch  
0.25 inch 
0.060 inch  
600V 
0-ll0V 
0-5 microns 
3.6 kcps 
The low vo l t age  opera t ion  of t h e  bimorph p u t s  i t  below t h e  
minimum of t h e  Paschen breakdown curve(8) f o r  a l l  va lues  of p re s su re  
and gas composition, thus  removing t h e  p o t e n t i a l  problem of a rc ing  i n  
t h e  space environment. 
I n  o rde r  t o  maintain a s  h igh  a resonant  frequency a s  poss ib l e  
f o r  t h e  t ransducer  assembly, t h e  mass of t h e  l a s e r  mi r ro r  must be kept  t o  
a s  low a va lue  a s  poss ib l e .  It appears  f e a s i b l e  t o  a t t a c h  a small  sub- 
s t r a t e  t o  t h e  t ransducer  p r i o r  t o  t h e  f i n a l  po l i sh ing  and coa t ing  of t h e  
mir ror .  The s u b s t r a t e  would then  be pol i shed  t o  a th ickness  of about 1 / 2  
mm and then coated.  Using t h i s  approach w i l l  a l low t h e  weight of t h e  
mi r ro r  t o  be l e s s  than  5% of t h e  weight of t h e  t ransducer ,  r e s u l t i n g  i n  a 
drop of t h e  resonant  frequency by only about 200 cps.  Since t h e  resonant  
frequency w i l l  remain above 2000 cps ,  t h e  lowest resonance w i l l  be above 
t h e  v i b r a t i o n  t e s t  environment, and t h e  t ransducer  should have no problem 
passing q u a l i f i c a t i o n  t e s t s .  
3.6  Power Monitor and Waveleneth I d e n t i f i e r  
3 . 6 . 1  Power Monitor 
A t h i n  f i l m  t h e r m i s t o r  bolometer  h a s  been chosen a s  t h e  power 
moni tor  d e t e c t o r  f o r  t h e  l a s e r .  The d e v i c e  u s e s  two the rmal ly  s e n s i t i v e  
t h i n  f i l m  r e s i s t o r  f l a k e s  which undergo a  l a r g e  change i n  r e s i s t a n c e  when 
exposed t o  r a d i a t i o n .  I n  normal u s e  t h e s e  a r e  connected by a  s imple  
bolometer  b r i d g e  arrangement shown i n  F i g u r e  3.10. Equal b i a s  v o l t a g e s  
of o p p o s i t e  p o l a r i t y  a r e  a p p l i e d  t o  t h e  two f l a k e s ,  keeping t h e i r  common 
j u n c t i o n  c l o s e  t o  ground p o t e n t i a l .  Because t h e  c h a r a c t e r i s t i c s  of t h e  two 
u n i t s  a r e  a c c u r a t e l y  matched, t h e y  t end  t o  e x h i b i t  e q u a l  r e s i s t a n c e  changes 
when ambient t empera tu re  changes occur .  When r a d i a t i o n  i s  c o n c e n t r a t e d  on 
t h e  a c t i v e  f l a k e ,  i t s  r e s i s t a n c e  changes and t h e  unbalance i n  t h e  c i r c u i t  
i s  a m p l i f i e d .  For power o u t p u t  measurements a  D.C. a m p l i f i e r  i s  r e q u i r e d .  
For t h e  e l e c t r o n i c  f requency c o n t r o l  loop a n  A.C. a m p l i f i e r  can  be  added. 
3 .6 .2  Wavelength I d e n t i f i e r  
The C02 laser is  c a p a b l e  of o p e r a t i n g  on a  number of d i f f e r e n t  
wavelengths  n e a r  1 0 . 6 ,  10.2 ,  9 . 6 ,  and 9 . 3  microns.  By choosing t h e  p roper  
c o a t i n g  c h a r a c t e r i s t i c s  of t h e  o u t p u t  m i r r o r ,  t h e  l a s e r  can b e  f o r c e d  t o  
o s c i l l a t e  i n  t h e  10 .6  micron band wi thou t  d i f f i c u l t y ;  however, severa lwave-  
l e n g t h s  are s t i l l  a v a i l a b l e  i n  t h i s  band and can o s c i l l a t e .  I n  moving one of 
t h e  laser m i r r o r s  i n  a n  a x i a l  d i r e c t i o n ,  a  number of d i f f e r e n t  l i n e s  can b e  
o b t a i n e d  a s  t h e  l a s e r  c a v i t y  resonance f i r s t  c o i n c i d e s  w i t h  t h e  g a i n  curve  
of one P ( J )  t r a n s i t i o n ,  t h e n  a n o t h e r .  To ensure  t h a t  t h e  P(20) t r a n s i t i o n  
is  o s c i l l a t i n g ,  some wavelength d i s c r i m i n a t i o n  t echn ique  must be  employed. 
U n f o r t u n a t e l y ,  t h e  u s e  of permanent i n - c a v i t y  wavelength s e l e c t i o n  
d e v i c e s  such a s  pr isms and g r a t i n g s  w i l l  d r a s t i c a l l y  reduce t h e  power o u t p u t  
c a p a b i l i t y  of t h e  l a s e r .  The t echn ique  which h a s  been chosen f o r  t h i s  
program u s e s  a n  a i r  o r  vacuum gap e t a l o n  p l a t e ,  which i s  tuned t o  t r a n s -  
m i t  o n l y  t h e  P(20) l i n e ,  i n  f r o n t  of t h e  power d e t e c t o r .  Th i s  t echn ique  
does n o t  r e s t r i c t  t h e  l a s e r  t o  o p e r a t i n g  on ly  on t h e  ~ ( 2 0 )  t r a n s i t i o n ,  b u t  
i t  does a l low au tomat ic  o r  manual s e t t i n g  of t h e  l a s e r  t o  t h e  p roper  wave- 
l e n g t h .  
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Figure 3.10 Bolometer E l e c t r i c a l  C i r c u i t .  
The e t a l o n  i s  a  r e s o n a n t  s t r u c t u r e  which has  pass  bands every 
c/2L i n  f requency s p a c e .  Here c  is  t h e  v e l o c i t y  of l i g h t  and L is 
t h e  s e p a r a t i o n  of t h e  m i r r o r s .  By making t h e  l e n g t h  o r  t h i c k n e s s  of t h e  
e t a l o n  s u f f i c i e n t l y  s m a l l ,  t h e  r e s o n a n t  c h a r a c t e r i s t i c s  can be  a d j u s t e d  
t o  a l l o w  o n l y  one of t h e  p o s s i b l e  l i n e s  which would normal ly  o p e r a t e  i n  
t h e  1 0 . 6  micron band t o  p a s s  through t h e  e t a l o n  w i t h  s i g n i f i c a n t  power. 
F i g u r e  3 .11  s c h e m a t i c a l l y  shows t h e  e t a l o n  a long  w i t h  t h e  
t r a n s m i s s i o n  c h a r a c t e r i s t i c s .  The t r a n s m i s s i o n  of a  l o s s l e s s  p l a n e  
p a r a l l e l  e t a l o n  of l e n g t h  L, and e q u a l  m i r r o r  r e f l e c t i v i t i e s  R i s  
g iven  by (14) 
z= 
1 
1 + [4R/(1-R)'] s i n 2 ( 2 n ) ( L  cos  €)/Ao) ' 
where X o  i s  t h e  f r e e  s p a c e  wavelength o f  t h e  i n c i d e n t  r a d i a t i o n  and 
i s  t h e  a n g l e  of t i l t  of t h e  e t a l o n .  The r e s o l u t i o n ,  o r  f i n e s s e ,  F, 
which i s  t h e  r a t i o  of t h e  f requency s e p a r a t i o n  between s u c c e s s i v e  t r a n s -  
m i s s i o n  peaks ,  c/2L, t o  t h e  t r a n s m i s s i o n  bandwidth is  g iven  by 
An i d e a l l y  manufactured d e v i c e  (no l o s s  due t o  a b s o r p t i o n  o r  
s c a t t e r i n g  i n  m i r r o r  c o a t i n g s  and no r e f l e c t i v i t y  mismatch between m i r r o r s )  
would have a  p e r i o d i c  pass  band c h a r a c t e r i s t i c  as shown i n  F i g u r e  3.11.  The 
t r a n s m i s s i o n  peaks would be  100 p e r c e n t ,  and t h e  t r a n s m i s s i o n  n u l l s  would b e  
n e a r  z e r o  f o r  f a i r l y  l a r g e  R. As d e s c r i b e d  by t h e  above e q u a t i o n s ,  t h e  p o s i t i o n  
of t h e  t r a n s m i s s i o n  peaks i n  a b s o l u t e  f requency space  i s  determined by t h e  
a n g l e  which t h e  p l a t e  makes w i t h  t h e  beam and t h e  a c t u a l  t h i c k n e s s  o f  t h e  
p l a t e .  The wavelength f o r  maximum t r a n s m i s s i o n  ( T  = 1 )  occurs  when 
2nL cos  O / X O  = m ,  o r  X o  = 2L cos  B / m ,  where m i s  a n  i n t e g e r  r e p r e -  
s e n t i n g  t h e  number of h a l f  wavelengths between m i r r o r s .  
i=- 
L @ 
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' ,I 
t <-- 
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-. M i r r o r s  
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1 
1 + [ 4 ~ / ( 1 - ~ ) ' ]  s i n L ( 2 n ~  c o s  O/ho) 
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F i g u r e  3.11 Pass  Band C h a r a c t e r i s t i c s  of a Shor t  
Fabry-Perot  E t a l o n .  
Choosing an e t a l o n  th ickness  of about 1/2 mm, t h e  resonant 
t ransmission peaks w i l l  b e  separa ted  by 
v = 300 GHz 
r 
Since t h e  P ( J )  l i n e s  a r e  separa ted  by about 50 GHz, t h e  e t a l o n  
w i l l  d i s c r imina te  a g a i n s t  +5  l i n e s  around P(20).  That is ,  the  e t a l o n  w i l l  
no t  pass  (with s i g n i f i c a n t  amplitude) P  (10) through P  (18) o r  P  (22) through 
P(30) when s e t  i n  ang le  t o  pass  P(20).  
The angular s e n s i t i v i t y  of t h e  e t a l o n  c e r t a i n l y  i s  t o l e r a b l e .  
Near normal incidence,  4-112' r ep re sen t s  a  change i n  m by one. The 
e t a l o n  w i l l  have t o  be loca t ed  and f ixed  i n  angular  p o s i t i o n  t o  w i th in  
about 1 / 4 O ,  which i s  w e l l  w i th in  normal o p t i c a l  t o l e r ances .  
To ensure  good pass  band c h a r a c t e r i s t i c s ,  a  f i n e s s e  of g r e a t e r  
than about 20 should be obtained.  This w i l l  ensure t h a t  no o the r  wave- 
lengths  w i l l  have s i g n i f i c a n t  t ransmission when t h e  e t a l o n  i s  tuned t o  
t h e  P(20) t r a n s i t i o n .  The corresponding mirror  r e f l e c t i v i t i e s  a r e  then 
about 86 percent .  
The device  i s  q u i t e  i n s e n s i t i v e  t o  temperature f l u c t u a t i o n s  i f  
a  s u i t a b l y  low c o e f f i c i e n t  of expansion ma te r i a l  i s  used f o r  the  spacer .  
6  For example, i f  qua r t z  i s  u s e d ' ( a  = 1 x 10- /OC), then the  device can 
f l u c t u a t e  over tlOO°C before  a  s i g n i f i c a n t  detuning e f f e c t  w i l l  occur.  
The e t a lon  technique f o r  wavelength s e l e c t i o n  and i d e n t i f i c a t i o n  has 
been used many times i n  t h e  p a s t  a t  ~ ~ l v a n i a ' ~ ) .  Most of t h e  previous work, 
however, has  used s o l i d  e t a lons  r a t h e r  than a i r  gap e t a lons .  The opera t ion  
of t h e s e  devices  i s  the  same a s  descr ibed above,except t h a t  most of t h e  
h ighly  t r ansmi t t i ng  ma te r i a l s  f o r  use  a t  10.6 microns have l a r g e  va lues  of 
dn/dT (such a s  Gallium Arsenide a t  2 x  ~ o - ~ / o c )  and a s  a  r e s u l t  a r e  q u i t e  
temperature s e n s i t i v e .  The a i r  gap e t a lon  w i l l  not  r e q u i r e  any temperature 
s t a b i l i z a t i o n  o the r  than t h a t  provided by the  spacec ra f t  temperature con t ro l .  
3 . 7 . 1  Genera l  
Experiments w i t h o u r  l i f e  t e s t  l a s e r s  have i n d i c a t e d  t h a t  a s  t h e  
laser approaches  t h e  end of i t s  u s e f u l  l i f e ,  t h e  c u r r e n t  f o r  maximum 
power o u t p u t  s lowly  d rops .  At c e r t a i n  s t a g e s ,  t h e  power o u t p u t  can b e  
roughly doubled by reduc ing  t h e  l a s e r  c u r r e n t .  These r e s u l t s  have i n d i -  
c a t e d  t h e  d e s i r a b i l i t y  of d e s i g n i n g  t h e  l a s e r  power supply w i t h  v a r i a b l e  
c u r r e n t  c a p a b i l i t y .  The d e s i g n  of t h e  power supp ly  should b e  c a p a b l e  of 
p r o v i d i n g  t h e  fo l lowing  f u n c t i o n s :  
a )  a u t o m a t i c  s t a r t i n g  o f  t h e  l a s e r  t u b e  
b)  redundant  d u a l  c o n f i g u r a t i o n  
c )  c u r r e n t  r e g u l a t i o n  
d )  c u r r e n t  l e v e l  s e t  
e )  t e l e m e t r y  o u t p u t s  f o r  c u r r e n t  and v o l t a g e .  
Tab le  3.6 i s  a  l i s t  of t h e  power supp ly  s p e c i f i c a t i o n s  r e q u i r e d  
t o  d r i v e  t h e  l a s e r .  The power supp ly  d e s c r i b e d  i n  t h e  rest of t h i s  s e c t i o n  
u s e s  v a r i a b l e  f requency  c o n t r o l  and v a r i a b l e  p u l s e  width  w i t h  f l y b a c k  v o l t a g e  
convers ion  t o  o b t a i n  r e g u l a t e d  o u t p u t  v o l t a g e  and h igh  e f f i c i e n c y  over  a wide 
r a n g e  of o u t p u t  power. The p u l s e  wid th  i s  v a r i e d  t o  m a i n t a i n  o u t p u t  power 
c o n s t a n t  over  a wide range  of i n p u t  v o l t a g e s .  
f 
The input- to-output  power-conversion e f f i c i e n c y  of a  c o n v e n t i o n a l  
c o n v e r t e r  i s  t y p i c a l l y  70 t o  80 p e r c e n t  a t  f u l l  o u t p u t  power, b u t  d rops  o f f  
a t  l e s s  t h a n  f u l l  o u t p u t  power due t o  f i x e d  l o s s e s  i n  t h e  d r i v e  and c o n t r o l  
c i r c u i t s .  The power supply d e s c r i b e d  h e r e  u s e s  l e s s  than  one p e r c e n t  of i t s  
o u t p u t  power i n  t h e  unloaded c o n d i t i o n .  The o v e r a l l  e f f i c i e n c y  i s  g r e a t e r  
t h a n  80  p e r c e n t  over  a  wide range  of ou tpu t  power. 
Table 3 . 6  
POWER SUPPLY SPECIFICATIONS 
SPACE QUALIFIED CO? LASER 
. . . . . . . . . . . . . . . . . . . .  1 )  Input  Voltage 28 VDC f 4  Vo l t s  
. . . . . . . .  2) Output Voltage ( a t  B a l l a s t  R e s i s t o r )  3500 VDC 
. . . . . . . . . . . . . . . .  3) Output Current  3.0mA 
(each supply) 
. . . . . . . . . . . . . . . . .  4) Current  Regulat ion f5% 
Over f u l l  i npu t  vo l t age  swing and load 
impedance v a r i a t i o n  of +20% 
. . . . . . . . . . . . . . . . . . .  5) Current  Adjust .  S tep  adjustment  from 
1 . 5  mA t o  3.0 mA i n  
0 .5  mA s t e p s  
. . . . . . . . . . . . . . . . . . . . . . .  6) Ripple  Less t han  .01% r m s  
. . . . . . .  7 )  Telemetry Output (vo l tage  and c u r r e n t )  0-5 VDC 
. . . . . . . . . . . . . . . . . .  8) S t a r t i n g  C i r c u i t  Overvoltage c a p a b i l i t y  
t o  be provided u n t i l  
l a s e r  draws c u r r e n t .  
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F i g u r e  3.12 Power Supply System Block Diagram. 
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F i g u r e  3.14 V o l t a g e  Conver t e r  and Vavef orms. 
Whenever power i s  a p p l i e d ,  t h e  power s u p p l y  w i l l  supp ly  5kV 
pu l se s  u n t i l  t h e  l a s e r  f i r e s .  When t h e  l a s e r  f i r e s ,  t h e  supply w i l l  
r e g u l a t e  a t  t h e  programmed c u r r e n t  l e v e l  a t  approximately 3 .5  kV 
3 .7 .4  Command C i r c u i t  
Four c u r r e n t  l e v e l s  may be  programmed e x t e r n a l l y .  Magnetic 
l a t c h i n g  r e l a y s  and d iode  "OR" g a t e s  provide a  memory f o r  t h e  l a s t  command. 
A +28 v o l t  pu l se ,  1 0  mi l l i seconds  long,  i s  r equ i r ed  t o  s e t  t h e  r e l a y s  f o r  
t h e  proper command. The d iode  "OR" g a t e  w i l l  on ly  accept  one command a t  
a  t i m e .  I n  t h e  event  t h a t  two commands a r e  given a t  t he  same time, t h e  
r e l a y s  w i l l  o s c i l l a t e  f o r  t h e  du ra t i on  of t he  command wi th  t he  f i n a l  
r e s t i n g  s t a t e  inde te rmina te .  
3.7 .5  Monitor Outputs 
Two monitor ou tputs  a r e  provided, an ou tpu t  v o l t a g e  and output  
cu r r en t  monitor w i th  t he  fol lowing c h a r a c t e r i s t i c s :  
Output Level = 0 V t o  +5 V D.C. 
Output Impedance = 10K Minimum 
3.7 .6  Packaging 
Extensive use  of t h i c k  f i l m  techniques w i l l  a l low most of t h e  
d i s c r e t e  components t o  be rep laced  by a  1" x 2" t h i c k  f i lm  c i r c u i t .  The 
power t ransformer ,  power t r a n s i s t o r ,  r e l a y s  and f i l t e r  c a p a c i t o r s  w i l l  be  
mounted t o  t h e  c h a s s i s .  For each of t h e  dua l  s u p p l i e s ,  t h e  fol lowing 
s p e c i f i c a t i o n s  apply: 
Estimated S i z e  = 2" x 2" x 9", 36 i n  
3 
Estimated Weight = 2.1  l b s .  
Estimated Ef f i c i ency  = 80 percent ;  
Voltage Output = 3kV t o  5kV D.C.  
Current  Output = 1.5 mA t o  3.0 mA 
Ripple 5 . O l  pe rcen t  rms. 
The o v e r a l l  package w j E L  be RRFI tight, with EiE"cering on all 
Leads entering or leaving the package. Two such packages are required 
f o r  t h e  l a s e r  tube ,  making t h e  t o t a l  e s t i m a t e d  power supply weight  4 .2  l b s .  
F i g u r e  3 , 1 5  is  a d e t a i l e d  schemat ic  of t h e  proposed power supply.  
T h i s  supply  w i l l  b e  breadboarded and t e s t e d  d u r i n g  t h e  n e x t  phase. 

4 - 0  EXPERIMENTAL STUDIES 
4.1 In t roduc t ion  
During t h e  course of t he  program s e v e r a l  experimental s t u d i e s  
were performed i n  o rde r  t o  develop a  b e t t e r  understanding of t h e  opera- 
t i o n a l  c h a r a c t e r i s t i c s  of low power C02 l a s e r s  and t o  develop techniques 
f o r  extending tube  l i f e t i m e  and inc reas ing  tube  r e l i a b i l i t y .  
Our s t u d i e s  included: 
a )  l i f e  t e s t  experiments on CO l a s e r s  2 
b) development of metal-soldering techniques f o r  t h e  a t t ach -  
ment of GaAs Brewster windows 
c )  s tudy of po ros i ty  c h a r a c t e r i s t i c s  of bery l l ium oxide 
d) e f f i c i e n c y  and power output  t e s t s  on mock-up l a s e r  tubes  
e )  determinat ion of fundamental e l ec t rode  l o s s e s  f o r  s e v e r a l  
cathode ma te r i a l s .  
The fol lowing s e c t i o n s  desc r ibe  t h e  r e s u l t s  of t hese  s t u d i e s .  
4.2 Laser  L i f e  Tes t s  
4.2.1 General 
During t h i s  phase of t h e  program, l i f e  t e s t s  on s e v e r a l  low 
power C02 l a s e r s  were performed. A l i f e  t e s t  s t a t i o n  wi th  mass spec t ro-  
meter gas a n a l y s i s  c a p a b i l i t y  was cons t ruc ted  and an u l t ra -h igh  vacuum 
technique f o r  monitoring t h e  t o t a l  gas p re s su re  of each l a s e r  tube  was 
devised.  The longest- l ived tube,  which is  p re sen t ly  opera t ing  a t  t h e  
3400 hour mark, u ses  a  heated n i c k e l  cathode of t h e  type f i r s t  descr ibed  
(9) by Carbone . 
4.2.2 L i f e  Tes t  S t a t i o n  
A block diagram of t he  l i f e  t e s t  s t a t i o n  i s  shown i n  Figure 4-1, 
with a  photograph of t h e  s t a t i o n  i n  Figure 4-2. An EAI QUAD 150 r e s i d u a l  
gas ana lyzer  wi th  i t s  assoc ia ted  o i l  f r e e  pumping system, shown i n  Figure 
4-3, i s  a t tached  t o  a  g l a s s  manifold whose volume is  accu ra t e ly  c a l i b r a t e d .  
Quad 
Residual  
Gas 
Analyzer 
Glass Manifold wi th  
,-~- Cal ib ra t ed  Volume 
/ Double Valve System wi th  O.l /cc 
Cal ibra ted  Measuring Volume 
Tes t  Laser 
I 
"- F:A 1 I T e s t  Laser  
I I 
j Vac Ion  
Pump System 
F igu re  4-1. Laser L i f e  Test S t a t i o n  Block Diagram. 
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The p re s su re  i n  the  manifold (independent of gas mlxture) can be  measured 
accura te ly  w i t h  an. MKS Baratr~w c a p a c i t i v e  manometer pressure gauge, I n  
norna l  ope ra t ion ,  a l i f e  t e s t  l a s e r  is  connected t o  t he  g l a s s  manifold 
through a s p e c i a l  sampling va lve  made by Varian Associates .  This  a l l  
meta l ,  bellows sea led  va lve  allows withdrawing approximately 0 .1  c c  of 
gas from t h e  l a s e r  tube.  The sampling volume of each va lve  i s  a c c u r a t e l y  
c a l i b r a t e d  s o  t h a t  t h e  pressure  measured by t h e  Baratron gauge i s  d i r e c t l y  
p ropor t iona l  t o  t h e  p re s su re  i n  t h e  l a s e r  tube.  The r e s i d u a l  gas ana lyzer  
then provides d a t a  on t h e  p a r t i a l  p ressures  of t h e  gases i n  t h e  l a s e r  tube.  
Unfortunately,  due t o  t he  long d e l i v e r y  time on many of t h e  
s p e c i a l  components f o r  t h i s  system and t h e  r e l a t i v e l y  length ly  c a l i b r a t i o n  
procedures,  t h e  system was not  e n t i r e l y  ope ra t iona l  u n t i l  a f t e r  s e v e r a l  of 
t he  l i f e  t e s t  l a s e r s  had compiled a s i g n i f i c a n t  number of opera t ing  hours.  
Therefore,  gas a n a l y s i s  da t a  on t h e  tubes dur ing  t h e i r  e a r l y  opera t ing  
s t ages  a r e  incomplete. Data on l a t e r  tubes and on f u t u r e  tubes ,  however, 
w i l l  be  more complete. 
The s p e c i a l  sampling va lve  shown i n  Figure 4-4 is  a c t u a l l y  two 
va lves  cons t ruc ted  i n  such a manner t h a t  t h e  va lve  s e a t s  a r e  separa ted  by 
a very  small volume. A solenoid-actuated d r i v e r  i s  used t o  open and c l o s e  
t h e  app ropr i a t e  va lve  stem. The va lves  a r e  cons t ruc ted  from s t a i n l e s s  s t e e l ,  
have a bellows-sealed stem and use  gold O-rings on the  va lve  s e a t .  Samp- 
l i n g  volumes from near zero t o  s e v e r a l  cubic  cent imeters  a r e  poss ib l e  by 
proper ly  designing the  c e n t e r  s ec t ion  of t h e  valve.  For our system, 0 . 1  cc  
sampling volume provides enough gas t o  r a i s e  t h e  pressure  i n  t he  manifold 
t o  t h e  10 micron range, we l l  i n t o  t h e  high accuracy reg ion  f o r  t h e  Baratron 
gauge. The amount of gas removed by t h e  0 .1  cc  sampling volume i s  q u i t e  
smal l  compared t o  t h e  approximately 300 c c  of s to red  gas i n  each l a s e r  tube ,  
allowing a l a r g e  number of samples t o  be taken before  a s i g n i f i c a n t  drop i n  
tube p re s su re  i s  not iced.  

During the  course of the program, the  requirements on t h e  size 
and power sf the  space qualified laser were changed from a 5 w a t t  power 
output  u n i t  t o  a 1 wat t  u n i t .  A s  a r e s u l t ,  t he  des ign  sf  t h e  l i f e  t e s t  
l a s e r s  changed s l i g h t l y  t o  b e t t e r  s imula te  t he  c h a r a c t e r i s t i c s  of t h e  
l a s e r s  t o  be used i n  t h e  f i n a l  design.  Tables 4-1 and 4-2 l i s t  t h e  impor- 
t a n t  f e a t u r e s  of t hese  l a s e r s .  I n  a l l  c a ses ,  i n t e r n a l  mi r ro r s  were used 
and were a t tached  t o  t h e  l a s e r  tube s t r u c t u r e  by "Torr-seal" epoxy ( t rade-  
mark of Varian Assoc ia tes ) .  
The germanium e t a l o n  output  coupler  used with S.Q.-1 and 2 
provided a mir ror  t ransmission of about 22%, which was s l i g h t l y  h igher  
than  optimum. A s  a r e s u l t ,  a reduct ion  i n  ga in  of t h e  l a s e r  shows up 
a s  a l a r g e r  change i n  power output  than  would be seen i f  optimum coupling 
were used. For t he  remaining l a s e r s ,  t h e  10% output  coupling mir ror  used 
was nea r ly  optimum. 
For S.Q.-1 and 2, a gas r e t u r n  p ipe  was used between t h e  anode 
and cathode. This  f e a t u r e  was not  included i n  t h e  remaining tubes .  We 
have not  y e t  been a b l e  t o  v e r i f y  t h a t  t h e  gas r e t u r n  f e a t u r e  o f f e r s  any 
advantage i n  e i t h e r  power output or  i n  tube l i f e .  
I n  a11 cases ,  t he  cathode used was of t h e  r e e n t r a n t  type.  F igures  
4-5a and b show t h e  design used f o r  t hese  experiments. On S.Q.-1 and 2 ,  
t h e  cathode s t r u c t u r e  was d i r e c t l y  exposed so  t h a t  accu ra t e  temperature 
measurements could be  made. On t h e  remaining tubes ,  t he  cathode temperature 
could only be i n f e r r e d .  
Censtruction Characteristics of L i f e  T e s t  Lasers Numbers 
S.Q.-1 and S.Q.-2 
A c t i v e  Length - - - - - - - - - - - - - 14 i n c h e s  
~ ~ t ~ l  ~ ~ ~ ~ ~ h  - - - - - - - - - - - - - 17 i n c h e s  
Mir ro r  C o n f i g u r a t i o n  - - - - - - - - - P l a t  Germanium e t a l o n  
o u t p u t ,  3 meter  r a d i u s  
of c u r v a t u r e  gold  coa ted  
non-output m i r r o r .  
I n t e r n a l  m i r r o r  con- 
f i g u r a t i o n .  
Gas S t o r a g e  Volume - - - - - - - - - - 400 cc 
E l e c t r o d e  Conf igura t ion  - - - - - - - - S i n g l e  anode and ca thode  
Tube Materials: 
B o r e  - - - - - - - - - - - - - - - q u a r t z  
S t o r a g e  Volume - - - - - - - - - - Pyrex 
Cathode - - - - - - - - - - - - -  Nickel  
Anode - - - - - - - - - - - - - -  Gold P l a t e d  Tungsten 
Optimum Cur ren t  - - - - - - - - - - - - Approximately 8 mA a t  
8 .2  kV t u b e  v o l t a g e  
I n i t i a l  Power Output - - - - - - - - - 3-4 w a t t s  
TABLE 4-2 
Construct ion C h a r a c t e r i s t i c s  of L i f e  Test  Lasers Numbers 
Active Length - - - - - - - - - - - - - 9 inches 
~~~~l ~~~~~h - - - - - - - - - - - - - 13 inches 
Mirror Configuration - - - - - - - - - Flat 10% transmitting 
Germanium substrate, 60 
cm radius of curvature 
gold coated non-output 
mirror, internal mirror 
configuration 
Gas Storage Volume - - - - - - - - - - 300 cc 
Electrode Configuration - - - - - - - - designed to operate single 
cathode with one or two anodes 
Tube Materials : 
B o r e - - - - - - - - - - - - - - -  Pyrex 
Storage Volume - - - - - - - - - - Pyrex 
cathode - - - - - - - - . . - -  - -  Nickel 
~~~d~ - - - - - - - - - - - - - - Gold Plated Tungsten 
Optimum Current - - - - - - - - - - - - 7 mA 
Initial Power Output - - - - - - - - - 2-3.5 watts 
,-- Silver  Solder  
To 
-- --- 
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Figure 4-5. Cathode Configurat ion f o r  L i f e  Tes t  Lasers .  
4.2.4 L i f e  Test Results 
-- -- 
s .&-& 
- 
T h i s  tube u t i l i z e d  a gas  m i x t u r e  06 0.1  t o r r  B,,  1,s & o r %  Xe, 2 
1 . 8  t o r r  N 5.5 t o r r  C02 and 12.0 t o r r  He. It was operated a t  a cur- 2 ' 
r e n t  of about 7.0 mA and had a power output  of about 2 .8  wat t s .  
The tube operated f o r  approximately 550 hours with no change 
i n  power output  o r  d i scharge  c h a r a c t e r i s t i c s ,  a t  which time t h e  power 
output  s t a r t e d  t o  drop r ap id ly .  Af te r  587 hours t h e  power output  had 
dropped t o  near  zero and was accompanied by a s l i g h t  reduct ion  i n  t h e  
vol tage .  Gas a n a l y s i s  on t h e  tube ind ica t ed  e s s e n t i a l l y  no change i n  
t h e  r e l a t i v e  pressures  of t h e  gas mixture from t h e  o r i g i n a l  f i l l i n g .  
Data on any poss ib l e  change i n  t o t a l  gas p re s su re  could not  be obtained 
wi th  t h i s  tube.  
The tube was dis-assembled and t h e  cathode was cu t  a p a r t  f o r  
examination. A small  shallow ho le  had developed i n  t h e  cathode which 
appeared t o  be respons ib le  f o r  a l a r g e  amount of l o c a l  spu t t e r ing .  I f  
t h e  s p u t t e r i n g  caused a uniform reduct ion  i n  gas pressure ,  i t  would ex- 
p l a i n  t h e  drop i n  tube vo l t age  which occured near  t he  end of t h e  l i f e  t e s t .  
S.Q.-2 
This tube ut:: l ized an  i n i t i a l  mixture of 1 .5 t o r r  Xe, 2.0 
t o r r  N., 6.0 t o r r  C02 and 12.0 t o r r  He. P r i o r  t o  f i l l i n g  t h e  tube, t h e  
cathode was pre-oxidized by opera t ing  t h e  d ischarge  i n  an oxygen atmosphere 
f o r  about 1 5  minutes. A s u b s t a n t i a l  amount of s p u t t e r i n g  was not iced  on 
t h e  g l a s s  wa l l s  near  t he  cathode a t  t he  conclusion of t h e  ox id i z ing  pro- 
cess .  The tube  was then f i l l e d  and removed from t h e  processing s t a t i o n  
and operated f o r  about 600 hours before  any gas samples could be taken. 
Dnrfng t h i s  per iod no cathode h e a t e r  was used. 
The f i r s t  gas ana lys i s  showed s i g n i f i c a n t  amounts of H2 p re sen t  
in t h e  discharge.  Since the  tube was only baked t o  1 0 0 ~ ~  during processing 
t h e  hydrogen may have come from t h e  tube  wa l l s  i n  t he  form s f  water  vapor.  
F i g u r e  4-6 shows t he  l i f e  h i s t o r y  o f  t h i s  t u b e ,  During t h e  
f i r s t  600 h o u r s ,  the  laser apera ted  w i t h  an unstable cathode discharge;  
t h a t  i s ,  t h e  emission region i n  the  cathode wandered around t h e  i n s i d e  
of t h e  r e e n t r a n t  s t r u c t u r e .  During t h e  next  700 hours ,  t h e  cathode d i s -  
charge s t a b i l i z e d  and operated i n  one p o s i t i o n ,  much smal le r  than t h e  
i n s i d e  a r e a  of t h e  cathode. During t h i s  per iod t h e  power output  dropped 
monotonically.  A t  1300 hours ,  t he  d ischarge  appeared t o  jump every few 
days t o  a new p o s i t i o n  and t h e  power output  leve led  off  t o  a c o n s i s t e n t  
va lue  a t  about 30% of i t s  i n i t i a l  f i g u r e .  A t  1700 hours t he  cathode 
was hea ted  b r i e f l y  and t h e  tube appeared t o  rejuvenate .  The inc rease  
i n  output  power was s h o r t  l i v e d ,  however. It appeared t h a t  t h e  cathode 
must be cont inuously heated.  These r e s u l t s  fol low c lose ly  those  found by 
Deutsch and Horrigan. ( l o )  A t  1900 hours  t h e  cathode was heated continu- 
ous ly  and t h e  power rose  t o  89% of i t s  o r i g i n a l  value.  Af te r  hea t ing  t h e  
cathode cont inuously,  t h e  cathode d ischarge  again became uns tab le  i n  
l o c a t i o n  and has  remained uns t ab le  t o  t h e  present  time. Recently t h e  
cathode temperature was increased  by 20°c and a small  bu t  shor t - l ived  
r i s e  i n  output  power occured. 
During t h i s  e n t i r e  per iod the  d ischarge  vol tage  a t  a f i x e d  
opera t ing  cu r r en t  of 8.2 mA has remained a t  8.2 + 0.1 kV. 
This  tube shown i n  Figure 4-7 is  equipped with a Granvi l le-  
P h i l l i p s  v a r i a b l e  l e a k  va lve  r a t h e r  than  a c a l i b r a t e d  gas sampling va lve ,  
s o  no record of t o t a l  gas pressure  v a r i a t i o n s  i s  a v a i l a b l e ,  Consis tent  
gas  a n a l y s i s  d a t a  were not  a v a i l a b l e  u n t i l  a f t e r  t h e  tube had operated 
f o r  nea r ly  2000 hours.  Since t h a t  time e s s e n t i a l l y  no change i n  gas  compo- 
s i t i o n  has occured except f o r  a s l i g h t  reduct ion  i n  t he  amount of H and 2 
H20. 
During t h e  period of lower power opera t ion ,  t he  cu r r en t  f o r  
optimum power output  dropped from an o r i g i n a l  va lue  of 8.2 mA t o  about 
5 mA a t  t he  lowest power l e v e l s ,  Although t h e  l a s e r  power dropped by a 
f a c t o r  of about 3, t he  overall. l a s e r  e f f i c i e n c y  ( including b a l l a s t  
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crack developed i n  the  cathode f e e d  through p i n .  T h i s  u n f o r t u n a t e  
occur rence  concluded what appeared t o  be the  b e s t  run of a l l  t h e  tubes  
t o  be t e s t e d  t o  da t e .  
I n  t h i s  tube  t h e  cathode was designed wi th  a s l i g h t l y  smal le r  
i n t e r n a l  diameter (.320 inch)  than  used wi th  t h e  S.Q.-2 l a s e r .  As a 
r e s u l t ,  t he  d ischarge  covered t h e  i n s i d e  su r f ace  of t h e  cathode q u i t e  
uniformly and no d ischarge  i n s t a b i l i t y  was observed. 
S.Q.-4 
This  tube was i d e n t i c a l  t o  S.Q.-3 except t h a t  i t  used two 
anodes and a heated c e n t r a l  cathode. It was intended t o  show i f  operat-  
i n g  l i f e t i m e  i s  a f f e c t e d  by h igher  cathode cu r ren t  opera t ion .  Af t e r  
approximately 100 hours of ope ra t ion ,  a l eak  developed (again a t  t h e  
cathode feed-through s e a l ) ,  ending the  t e s t .  
S.Q.-5 
This  was t h e  f i r s t  tube t o  opera te  wi th  t h e  sampling va lves .  
Af t e r  about 250 hours of opera t ion  i t ,  too,  su f f e red  a crack a t  t h e  
cathode feed-through s e a l .  Apparently a chemical change i s  tak ing  p l ace  
i n  t h e  g l a s s  next  t o  t h e  tungsten feed-through even though t h e  temperature 
r i s e  is not extreme because of t he  increased cathode temperature.  The 
s e a l  becomes s t r a i n e d  and cracks  wi th in  only a r e l a t i v e l y  few hours .  Many 
o t h e r  i d e n t i c a l  s e a l s  i n  unheated s t r u c t u r e s  have l a s t e d  f o r  years .  The 
cathode s t r u c t u r e s  on t h e  remaining l i f e  t e s t  l a s e r s  a r e  being redesigned 
t o  remove t h i s  problem. 
The S.Q.-3, 4 ,  5 tubes mentioned above a r e  being reworked, using 
t h e  new cathode design. Severa l  more l a s e r s  a r e  now being processed and 
w i l l  be operated on l i f e  t e s t s  during t h e  next  phase of t he  program. 
Ceramic tube s t r u c t u r e s  w i l l  a l s o  be placed on l i f e  t e s t  during t h e  next 
phase. 
4.3  G a A s  Window 
----------- 
A number o f  l o w  vapor  p re s su re  epoxies have been used t o  sea l  
GaAs windows t o  CO l a s e r  tubes .  These s e a l s  have been gene ra l ly  s a t i s -  2 
f a c t o r y ,  bu t  have a  number of disadvantages when considered f o r  u s e  i n  
space.  The epoxy s e a l s  occas iona l ly  f a i l  through poor adhesion t o  t h e  
GaAs windows, and i t  i s  d i f f i c u l t  t o  determine i n  a  p a r t i c u l a r  ca se  
whether t h e  adhesion is  good. 
I n  a d d i t i o n ,  the  thermal expansion c o e f f i c i e n t s  of t h e  epoxy 
and t h e  GaAs a r e  not  we l l  matched, lead ing  t o  concern about t h e  e f f e c t  
of repea ted  thermal cyc l ing  on t h e  s e a l .  F i n a l l y ,  we wish t o  avoid t h e  
use of organic  compounds i n  space i n  order  t o  ob ta in  t h e  longes t  poss ib l e  
l i f e .  We have t h e r e f o r e  developed a n  a l l -meta l  s e a l  f o r  t h e  GaAs windows 
which i s  r e l i a b l e  and s t rong  and which withstands thermal shock w e l l .  
The gene ra l  technique is  t o  gold p l a t e  t h e  end of a  metal  tube and a  
matching r i n g  on t h e  GaAs window. The window i s  then pressed aga ins t  t h e  
tube and heated i n  a  reducing atmosphere t o  a  temperature which causes 
t h e  Au t o  a l l o y  i n t o  t h e  GaAs, thus  bonding t h e  GaAs t o  t h e  meta l  tube.  
The window bonds so  formed have been mechanically s t rong  but  no t  neces- 
s a r i l y  vacuum t i g h t .  To i n s u r e  a  vacuum s e a l ,  a  f i l l e t  of s o f t  s o l d e r  
is  then  formed on t h e  ou t s ide  of t he  meta l  t o  GaAs j o i n t .  Windows sea led  
i n  t h i s  manner have been subjected t o  repeated thermal shock by plunging 
0 
them f i r s t  i n t o  l i q u i d  n i t rogen  (77'~) and then i n t o  water (300 K) without 
f r a c t u r e .  The s e a l s  show no l eaks  on a I x 10-lo STD cc /sec  l e a k  d e t e c t o r .  
The l i n e a r  expansion c o e f f i c i e n t  of GaAs i s  (6.86 + 0.13) x 
lo-6 ( O C ) - ~  between - 6 2 ' ~  and 2 0 0 ~ c ( l l ) .  Of t he  commonly a v a i l a b l e  metals  
which might be used i n  forming a s e a l  t o  GaAs, ~ o a n d  Kovar most nea r ly  
match t h i s  expansion c o e f f i c i e n t .  The l i n e a r  expansion c o e f f i c i e n t  of 
both these  meta ls  i s  approximately 5 x ( O C ) - ~ . ( ' ~ )  Mo i s  commonly 
used as a contac t  meta l  f o r  GaAs i n  t h e  semiconductor i ndus t ry  and f o r  
t h a t  reason was t r i e d  f i r s t .  Tes ts  wi th  Kovar a r e  p re sen t ly  being con- 
ducted. I n  t h e  f i n a l  tube Kovar w i l l  be  used, pr imar i ly  because i t  can 
be h e l i a r c  welded. Af te r  t he  GaAs window i s  sea led  t o  a  s h o r t  s e c t i o n  of 
Kovar tubing,  t h e  Kovar w i l l  i n  t u r n  be h e l i a r c  welded t o  t h e  l a s e r  tube .  
S h o r t  p ieces  o f  Mo tub ing  were g o l d  plated and hydrogen fired, 
A matching r i n g  of g o l d  was e v a p o r a t e d  on a polished sean i - insu la t ing  GaAs 
window. The tub ing  was t h e n  p ressed  a g a i n s t  t h e  GaAs window and t h e  
assembly was h e a t e d  i n  hydrogen t o  a  t empera tu re  s l i g h t l y  above 450°c, 
t h e  t empera tu re  a t  which Au a l l o y s  i n t o  GaAs. I n  most c a s e s ,  t h e  window 
was fuzed t o  t h e  m e t a l  t u b e  by t h i s  o p e r a t i o n  i n  a  j o i n t  which i s  mecha- 
n i c a l l y  s t r o n g  and which wi ths tood  the rmal  shock w e l l .  When t h e  window 
was knocked o f f  f o r c i b l y  t h e  f a i l u r e  was i n  t h e  GaAs, p i e c e s  of which 
p u l l e d  o u t  of t h e  window and remained on t h e  m e t a l  t u b e .  Our o r i g i n a l  
i n t e n t i o n  was t h a t  t h i s  Au a l l o y  seal would be  . s u f f i c i e n t .  We found, 
2  however, t h a t  w i t h  t h e  j o i n i n g  p r e s s u r e s  used ( a  few hundred gm/cm , 
t h e  j o i n t  was n o t  vacuum t i g h t .  We have t h e r e f o r e  p l a t e d  t h e  j o i n t  w i t h  
N i ,  and formed a f i l l e t  of r e l a t i v e l y  s o f t  s o l d e r  around it t o  p r o v i d e  
t h e  vacuum s e a l .  The r e s u l t i n g  s e a l s  have been found t o  b e  e n t i r e l y  
s a t i s f a c t o r y .  F i g u r e  4-10 shows one of t h e  completed t e s t  p i e c e s .  I n  
f u t u r e  work t h e  j o i n i n g  p r e s s u r e  w i l l  b e  i n c r e a s e d ,  and more c a r e  w i l l  b e  
t a k e n  t o  o b t a i n  f l a t  j o i n i n g  s u r f a c e s  i n  o r d e r  t o  o b t a i n  a s  s t r o n g  a n  a l l o y  
s e a l  a s  p o s s i b l e .  At t h i s  p o i n t ,  however, t h e  a d d i t i o n  of a  s o f t  s o l d e r  
f i l l e t  a p p e a r s  t o  p r o v i d e  a t  t h e  l e a s t  a n  added s a f e t y  margin on bond 
s t r e n g t h ,  and i t s  u s e  w i l l  be  cont inued.  
F i n a l l y ,  t h e  t r a n s m i s s i o n  of t h e  G a A s  windows used i n  t h e s e  
t e s t s  h a s  been checked b e f o r e  and a f t e r  t h e  h e a t  t r ea tment  used t o  a l l o y  
t h e  gold  t o  t h e  s u r f a c e ,  and no change i n  t r a n s m i s s i o n  h a s  been observed.  
I n  summary, a n  a l l  me ta l  s e a l  h a s  been developed f o r  t h e  
G a A s  C02 l a s e r  windows which i s  mechanical  s t r o n g ,  r e s i s t a n t  t o  the rmal  
stress, vacuum t i g h t ,  and which does n o t  a f f e c t  t h e  o p t i c a l  p r o p e r t i e s  
of t h e  window. 
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Beryllium oxide Is a pressed and sintered ceramic made from 
t h e  powdered form. The p r o p e r t i e s  s f  t h e  m a t e r i a l  a r e  g ros s ly  a f f e c t e d  
by t h e  m a t e r i a l  dens i ty  and impuri ty  composition. Also, some r e sea rche r s  
have claimed t h a t  t h e  m a t e r i a l  may be  r a t h e r  porous t o  gas ,  and may not  
make a  r e l i a b l e  vacuum envelope f o r  t h e  space q u a l i f i e d  l a s e r .  
Although Be0 i s  used ex tens ive ly  a s  an u l t ra -h igh  vacuum d i -  
e l e c t r i c  m a t e r i a l  i n  t h e  tube indus t ry ,  i t  has r a r e l y  been used a s  a 
vacuum envelope, pr imar i ly  because of i t s  high r e l a t i v e  c o s t  compared t o  
aluminum oxide ceramic. Therefore,  few da ta  a r e  a v a i l a b l e  on t h e  l e a k  
r a t e  c h a r a c t e r i s t i c s  of t h e  m a t e r i a l .  A s e r i e s  of experiments on seve- 
r a l  samples was conducted during t h i s  program t o  determine i f  t h e  poro- 
s i t y  of t h e  m a t e r i a l  would be a  problem i n  t h i s  app l i ca t ion .  
4 . 4 . 1  Tube Leak Rate Requirement 
The des i red  sealed-off l i f e t i m e  of t he  S.Q. l a s e r  i s  given a s  
3 yea r s .  Therefore,  i n  t h e  vacuum environment of space,  t he  l a s e r  must 
no t  l o s e  a  s i g n i f i c a n t  amount of gas during t h i s  per iod by pumping through 
the  tube  envelope. A s  a  c r i t e r i o n  f o r  eva lua t ion ,  we have s e t  a  requi re -  
ment t h a t  t he  l a s e r  tube should not  l o s e  more than about 1 t o r r  of helium 
during t h e  3 year  per iod.  This r ep re sen t s  about a  10 percent  reduct ion  i n  
helium tube pressure,which w i l l  not  s i g n i f i c a n t l y  change t h e  tube ope ra t ing  
c h a r a c t e r i s t i c s .  Since helium has a  s u b s t a n t i a l l y  h igher  leak  r a t e  through 
porous s t r u c t u r e s  than  t h e  o the r  gases  used i n  t h e  l a s e r ,  t h e  p a r t i a l  pres-  
s u r e s  of t h e  o ther  gases w i l l  be much l e s s  a f f e c t e d .  
We can now c a l c u l a t e  t h e  maximum t o l e r a b l e  l e a k  r a t e  through t h e  
wa l l s  of t he  l a s e r  tube, 
L e t  P designate the pressure in the volume, V ,  of the Laser tube 
a t  any time d u r i n g  t h e  p e r i o d ,  The r a t e  of gas  rernoval, assuming the  
e x t e r n a l  p r e s s u r e  i s  s m a l l  compared t o  P ,  i s  approximated by 
where C i s  t h e  g a s  conductance of t h e  t u b e  w a l l s  i n  c c / s e c ,  and P i s  t h e  0 
i n i t i a l  helium p r e s s u r e .  Then, 
A t  t ime  n e a r  ze ro  t h e  r a t e  of p r e s s u r e  drop can be  es t imated  by 
For our  c a s e  
AP = -1 t o r r  
A t  = 3 y e a r s  " l o8  s e c  
Po = 1 0  t o r r  
V = 150 c c .  
There fore  t h e  t o t a l  conductance of t h e  Be0 m a t e r i a l  must b e  l e s s  t h a n  
assuming t h a t  no o t h e r  t u b e  m a t e r i a l s  have s i g n i f i c a n t  l e a k  r a t e s .  
The a r e a  of t h e  Be0 which i s  expected t o  be exposed t o  t h e  vacuum 
2 
environment is  about  25 cm . There fore  t h e  average  conductance p e r  u n i t  
- 
a r e a ,  C ,  should  be  
l e a k  o u t  of tube 
Also of importance i s  t h e  leak r a t e  i n t o  the t u b e  as t h e  tube  
i s  s t o r e d  on t h e  ground a t  a tmospher ic  p r e s s u r e .  The a p p r o p r i a t e  approxi-  
mate e q u a t i o n s  d e s c r i b i n g  t h i s  c o n d i t i o n  a r e :  
where P i s  a tmospher ic  p r e s s u r e  o u t s i d e  t h e  t u b e  (760 t o r r ) .  Then, 
a 
For t h e  same c o n d i t i o n s  a s  above, t h e  requ i rements  on t h e  l e a k  r a t e  a r e :  
l e a k  i n t o  t u b e  . 
4 .  4.2 Be0 Leak R a t e  Experiments 
S e v e r a l  c y l i n d r i c a l l y  shaped samples of Be0 were l e a k  checked 
on a  c a l i b r a t e d  VEECO H e  mass spec t romete r  w i t h  a  s e n s i t i v i t y  of b e t t e r  
t h a n  2 x  10-lo ATM c c l s e c .  One end of t h e  c y l i n d e r  w a s  s e a l e d  w i t h  
"Torr-Seal" epoxy and t h e  o t h e r  a t t a c h e d  t o  t h e  l e a k  d e t e c t o r .  None 
of t h e  samples showed a n  i n d i c a t i o n  of a  l e a k  when probed w i t h  a s m a l l  
s t r eam of helium. A g l a s s  e n c l o s u r e  was then  used t o  cover t h e  Be0 
tube .  The r e g i o n  between t h e  g l a s s  t u b e  and t h e  Be0 was f i l l e d  w i t h  
hel ium g a s  a f t e r  which t h e  t u b e  was s e a l e d .  
Table  4-3 shows t h e  r e s u l t s  of t h e  t e s t s .  I n  a l l  c a s e s ,  a l e a k  
could  be  d e t e c t e d , a l t h o u g h  approximately  two hours  were r e q u i r e d  b e f o r e  
t h e  measured l e a k  rate reached equ i l ib r ium.  
The measured l e a k  r a t e ,  R ,  i s  r e l a t e d  t o  t h e  conductance by 
where AP i s  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  the sample be ing  t e s t e d ,  
a  
In o u r  c a s e ,  APa = 760 t o r r  = 1 ATM, 
Both samples 1 and 2 were obtained from Brush Beryllium Gorp. 
and are not necessarily their highest density material, 
Table  4-3. 
Measured Leak Ra tes  and Corresponding 
Conductance on Beryl l ium Oxide Samples. 
Sample 3 and 2 used t h e  same Be0 m a t e r i a l ;  however, 3 w a s  coated 
w i t h  a t h i n  f i l m  of "Vac-Seal," a h i g h  vacuum s i l i c o n e  s e a l a n t .  A s  can b e  
s e e n ,  a marked r e d u c t i o n  i n  t h e  l e a k  r a t e  w a s  o b t a i n e d ,  a l though  t h e  t h i n  
f i l m  d i d  n o t  complete ly  s e a l  t h e  BeO.  
The r e s u l t s  o b t a i n e d  w i t h  sample No. 3 show t h a t  t h e  d e s i r e d  
p o r o s i t y  l e v e l  can be  ach ieved ,  however, i t  would b e  much p r e f e r r e d  i f  
t h e  a d d i t i o n a l  s e a l i n g  requirement  were n o t  needed. 
3 
Same a s  2 
66 cm 2 
7.0 x lo-'' 
7.0 x lo-'' 
4 
More samples of h i g h  d e n s i t y  Be0 m a t e r i a l  which a r e  e s p e c i a l l y  
processed f o r  h i g h  vacuum work w i l l  b e  ob ta ined  f o r  f u t u r e  t e s t s .  Also,  
a l l  o f  t h e  Be0 purchased f o r  u s e  i n  t h e  mock-up and f i n a l  ceramic  t u b e s  
w i l l  be t e s t e d  f o r  p o r o s i t y  s i n c e  c h a r a c t e r i s t i c s  can v a r y  from p i e c e  t o  
p i e c e .  
Sample 
S i z e  
S u r f a c e  Area 
He Leak R a t e ,  
- 
R ,  a t  atmos- 
pher i c  p r  e s s u r  5 (ATM cc/sec/cm ) 
Corresponding 
Conductanc 5 (cc/sec/cm ) 
1 
?OD x ;'ID x 10" long 8 
76 cm 2 
4.8 x 1 0  -10 
4 .8  x 10-lo 
2 
1" 5" 
x t O ~  x - I D  x 8- long  8 8 8 
66 cm 2 
1 . 8  x 1 0  -10 
1 . 8  x 10-lo 
4 - 5  - Mock-up -- -- ;,aser Test-s  
A GaAs Bre~gster angle lases  tube  was cons t ruc ted  wi th  an a c t i v e  
length  and bore diameter cLoseEy approximating t h a t  proposed f o r  t h e  ceramic 
space q u a l i f i e d  l a s e r .  The bore s i z e  f o r  t h i s  l a s e r  was 4 mm. It was con- 
s t r u c t e d  from qua r t z .  A s  shown i n  Figure 4-11, t h e  e l ec t rodes  were, f o r  
convenience, placed i n  s i d e  tubes r a t h e r  than  coax ia l ly .  It used a  c e n t e r  
cathode and two anodes and had an a c t i v e  length  of 16.6 cm. The t o t a l  l ength  
of t h e  tube was 26 cm. The power output  c h a r a c t e r i s t i c s  of t h i s  tube should 
c l o s e l y  approximate t h a t  expected from t h e  f i n a l  design;  however, t h e  e f f i -  
ciency w i l l  b e  somewhat lower because of t h e  g r e a t e r  e l ec t rode  sepa ra t ion .  
A s e r i e s  of parametr ic  t e s t s  were run t o  determine t h e  optimum gas 
mixture.  With a  f i v e  gas mixture,  it i s  almost impossible t o  determine t h e  
optimum mix; however, t h e  following mixture gave t h e  b e s t  r e s u l t s :  
H2:  0.15 t o r r  
Xe: 0 .3 
N2: 5.0 
co2: 5.0 
He: 13  t o r r  
To ta l  Pressure  = 23 112 t o r r  
The peak power output  was 2.1 w a t t s ,  single-mode with a  5% transmission 
output  mi r ro r  and a  47 cm radius  of curva ture  gold mir ror .  A t  t h e  maximum 
power output ,  t h e  tube vol tage  was 3.4 kV and t h e  tube cu r r en t  was 8 mA/leg. 
The tube  e f f i c i e n c y  was 4.2%. 
A t  a  cu r r en t  of 3 mA per  l e g ,  t h e  tube vol tage  was 3.0 kV and 
the  power output  was 0.9 wa t t s ,  g iv ing  a  tube e f f i c i ency  of 5.0%. Extra- 
po la t ing  these  r e s u l t s  t o  t he  case  of a  tube wi th  coaxia l  geometery, i n  
which approximately 5 cm of discharge length  per  l e g  can be e l imina ted ,  
the  tube e f f i c i e n c y  should be 7.3% a t  t h e  opera t ing  cu r r en t  of 3.0 mA. 
The tube vo l t age  should be about 2100 V.  
I t  i s  f e l t  t h a t  f u r t h e r  opt imizat ion i s  s t i l l  pos s ib l e ;  t h i s  w i l l  
be examined i n  t h e  next phase. Tube e f f i c i ency  of 9-10% may indeed be  
f e a s i b l e  i n  t h i s  small  s i z e ,  even wi th  t h e  r e l a t i v e l y  l a r g e  f ixed  l o s s e s  
i n  the l a s e r  o p t i c s  and i n  t h e  e l e c t r o d e s ,  
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A second mock-up tube,  shown i n  F i g u r e  4-12, was completed j u s t  
prior t o  the  writing of t h i s  r e p o r t ,  It f ea tu res  a coaxial. e lec t rode  
d e s i g n  i n  o r d e r  t o  v e r i f y  t h e  v o l t a g e  and c u r r e n t  p r e d i c t i o n s  g i v e n  e a r l i e r -  
Although t h e  t u b e  h a s  n o t  y e t  been opera ted  a s  a  l a s e r ,  i t s  d i s c h a r g e  
c h a r a c t e r i s t i c s  f o r  t h e  above l a s e r  mix ture  have been measured. The re -  
q u i r e d  t u b e  v o l t a g e  a s  a f u n c t i o n  of c u r r e n t  p e r  l e g  i s  shown i n  f i g u r e  
4-13. Here w e  s e e  t h a t  t h e  r e q u i r e d  t u b e  v o l t a g e  a t  t h e  expected o p e r a t i n g  
c u r r e n t  of 3 mA p e r  l e g  i s  1810 v o l t s ,  somewhat less t h a n  o r i g i n a l l y  ex- 
p e c t e d .  
4 .6  E l e c t r o d e  F a l l  S t u d i e s  
I n  any d i s c h a r g e  t u b e ,  t h e r e  e x i s t s  a power l o s s  a s s o c i a t e d  w i t h  
t h e  ca thode  f a l l  and anode f a l l .  Th i s  power, which i s  d i s s i p a t e d  i n  t h e  
e l e c t r o d e s ,  i s  e s s e n t i a l l y  independent  of t u b e  l e n g t h  and,  a s  a r e s u l t ,  i s  
a n  impor tan t  l i m i t i n g  paramete r  on t h e  maximum e f f i c i e n c y  which can b e  
o b t a i n e d  from s h o r t  l a s e r  t u b e s .  
Some t e s t s  were r u n  on s e v e r a l  t y p e s  of p o s s i b l e  cathode m a t e r i a l s  
i n  a n  a t t e m p t  t o  de te rmine  approximate  e l e c t r o d e  f a l l  v o l t a g e s .  T h i s  i n f o r -  
mat ion  can t h e n  be used t o  h e l p  determine t h e  maximum p o s s i b l e  e f f i c i e n c y  
which can be  expected from t h e  S.Q. CO l a s e r .  For o u r  purposes ,  t h e  2 
e l e c t r o d e  f a l l  i s  t h e  lowest  v o l t a g e  which can be a p p l i e d  t o  a  d i s c h a r g e  
t u b e  i n  o r d e r  t o  m a i n t a i n  a s t a b l e  d i s c h a r g e  as t h e  e l e c t r o d e  s p a c i n g  i s  
reduced t o  ze ro .  
S e v e r a l  d i s c h a r g e  t u b e s  similar t o  t h a t  shown i n  F igure  4-14 
were c o n s t r u c t e d .  For a  t y p i c a l  C02 l a s i n g  m i x t u r e ,  t h e  v o l t a g e  between 
t h e  ca thode  and one of t h e  two anodes was t aken  a s  a  f u n c t i o n  of c u r r e n t .  
The same d a t a  was t h e n  t aken  f o r  t h e  second anode. A s  a n  approximat ion,  
t h e  v o l t a g e  drop p e r  u n i t  l e n g t h  a long  t h e  d i s c h a r g e  c a n  b e  cons idered  
c o n s t a n t  s i n c e  t h e  major p o r t i o n  of t h e  d i s c h a r g e  i s  o p e r a t i n g  i n  t h e  
p o s i t i v e  column. By e x t r a p o l a t i n g  t h e  d a t a  t o  z e r o  e l e c t r o d e  s p a c i n g ,  
t h e  e l e c t r o d e  f a l l  v o l t a g e  can be  o b t a i n e d ,  

Tube Current (ma) 
Figure 4-13. Voltage-Current Characteristics of Coaxial 
Mock-up Laser Tube 
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F igure  4-14. E x t r a p o l a t i o n  of Discharge C h a r a c t e r i s t i c s  t o  
De te rn ine  E l e c t r o d e  F a l l .  
As depicted in Figure  4-14, the electrode fall for a p u r e  
Nickel cathode ranges between about 270 and 350 volts depending on the 
d i s c h a r g e  c u r r e n t .  Comparative r e s u l t s  were o b t a i n e d  f o r  s e v e r a l  o t h e r  
p o t e n t i a l  ca thode m a t e r i a l s  and t h e  r e s u l t s  of t h e s e  t e s t s  a r e  shown i n  
Table  4-4# 
TABLE 4-4 
Approximate E l e c t r o d e  F a l l  Vol tages  f o r  
S e v e r a l  CO Laser  Cathode M a t e r i a l s  2 
Material 
Pure  Nicke l  
Nicke l  - Gold Al loy /I1 
Nicke l  - Gold Al loy  /I2 
Kovar 
P la t inum 
E l e c t r o d e  F a l l  (Vol t s )  
300 
290 
320 
280 
630 
The N i c k e l ,  Kovar and Pla t inum e l e c t r o d e s  were s t u d i e d  s i n c e  
a l l  t h r e e  have been used f a i r l y  e x t e n s i v e l y  a s  C02 l a s e r  ca thode m a t e r i a l s .  
The Nickel-Gold a l l o y s  may have an  advantage by p rov id ing  a c a t a l y t i c  agen t  
(Gold) t o  i n c r e a s e  t h e  re-ombination r a t e  of CO and oxygen t o  form CO 2 ) 
w h i l e  s t i l l  m a i n t a i n i n g  t h e  advantage of emiss ion from a n i c k e l  ox ide  
s u r f a c e .  Th is  c a t a l y t i c  e f f e c t  w i t h  r e l a t i v e l y  c o l d  p la t inum o r  gold  was 
(13) f i r s t  d e s c r i b e d  by Lawrence . 
The Ni-Au a l l o y  ca thodes  were formed by p l a t i n g  a p u r e  n i c k e l  
t u b e  w i t h  v a r y i n g  t h i c k n e s s e s  of go ld .  Al loy /I1 was p l a t e d  w i t h  .0001 i n c h  
of go ld ,whi le  a l l o y  //2 was p l a t e d  w i t h  .001 i n c h  of go ld .  The p l a t e d  ca thodes  
were t h e n  h e a t e d  i n  a hydrogen atmosphere t o  6 0 0 ' ~  f o r  6 hours  t o  form t h e  
a l l o y .  The r e s u l t s  on t h e s e  cathodes  show t h a t  p resence  o f  a s m a l l  amount 
of gold  i n  t h e  n i c k e l  does n o t  have a major e f f e c t  on t h e  e l e c t r o d e  f a l l  
c h a r a c t e r i s t i c s .  It d i d  appear ,  however, t h e  t h e  d i s c h a r g e  a r e a  w a s  i n -  
c r e a s e d  s l i g h t l y  over  a pure  n i c k e l  ca thode .  The ca thodes  were opera ted  
con t inuous ly  f o r  s e v e r a l  days t o  s e e  i f  t h e  a l l o y s  e x h i b i t e d  s i g n i f i c a n t  
s p u t t e r i n g ,  No s p u t t e r e d  m a t e r i a l  on nearby g l a s s  was observed f o r  t h e  pure  
nickel and a l l o y  dli b u t  evidence o f  very s l i g h t  q p t ~ t t e r i n g  was seen w i t h  
a l l o y  7'12, 
The p la t inum ca thode  demonstra ted a d e f i n i t e l y  h i g h e r  e l e c t r o d e  
f a l l  f i g u r e  and accounts  i n  p a r t  f o r  i t s  observed h i g h e r  s p u t t e r i n g  r a t e .  
The e l e c t r o d e  f a l l  d a t a  were a l s o  t aken  f o r  s e v e r a l  gas  m i x t u r e s  
a p p r o p r i a t e  f o r  CO l a s e r s .  Within  t h e  exper imenta l  e r r o r ,  no d i f f e r e n c e  was 2 
s e e n  i n  t h e  e l e c t r o d e  f a l l  v o l t a g e s .  
For t h e  expected cathode c u r r e n t s  (6 mA t o t a l ) ,  t h e  power l o s t  
i n  t h e  e l e c t r o d e s  would b e  about  1 .8  w a t t s  f o r  t h e  Nicke l  m a t e r i a l s  and about  
3.8 w a t t s  f o r  a p la t inum e l e c t r o d e .  These f i g u r e s  a r e  s i g n i f i c a n t  compared 
t o  t h e  t o t a l  expected t u b e  powers of about  1 3  wat ts ,  and p o i n t  o u t  t h e  d e s i r a -  
b i l i t y  of n o t  u s i n g  pla t inum.  
5 - 0  MTERIALS L I S T  
- 
The following i s  a l i s t  of materials expected t o  be used i e ~  the  
space qualified CO laser. 2 
Beryllium Oxide Ceramic 
Aluminum Oxide Ceramic 
Kovar 
Gallium Arsenide 
Gold 
Nickel 
Indium Solder 
Stainless Steel 
Aluminum 
Fuzed Quartz 
Lead-Zirconium-titanate ceramic 
Gold-copper Braze Alloy 
Gases: GO2, He, N 2 ,  Xe, H2 
Torr Seal Epoxy 
Lead-Tin Solder 
Potting Material 
Electrical Components 
6 , O  
v m  ----- - 
AND CONCLUSIONS 
-- 
The pre l iminary  des ign  f o r  a space q u a l i f i e d  I w a t t  s ing l e -  
frequency CO l a s e r  was completed, r e s u l t i n g  i n  a l a s e r  package wi th  2 
dimensions of 4" x 4" x 12" and weighing 5.9 l b s .  exc lus ive  of power supply.  
The power supply,  which i s  an  e x t e r n a l  package, has  dimensions of 2" x 4" 
x 9" and weighs 4.2 l b s .  The prime power requirement w i l l  be l e s s  than 20 
w a t t s  f o r  normal ope ra t i on .  An a u x i l i a r y  e l e c t r o n i c  frequency c o n t r o l  u n i t  
which may be added t o  t h e  l a s e r  a s  an accessory w i l l  have dimensions of about 
1" x 2" x 4" and w i l l  weight 0 .8  l b s .  It w i l l  r e q u i r e  about 1 wat t  of prime 
power. 
The l a s e r  tube  u t i l i z e s  metal-ceramic cons t ruc t ion  techniques 
f o r  r i g i d i t y  and r e l i a b i l i t y .  The l a s e r  is  cooled by conduction t o  t h e  
space c r a f t  h e a t  s i nk .  Gallium a r sen ide  Brewster windows a r e  used t o  ob- 
t a i n  a po la r i zed  output .  Two inches of open space w i th in  t h e  l a s e r  c a v i t y  
a r e  a v a i l a b l e  i f  t h e  a d d i t i o n  of a modulator i s  requi red  a t  a l a t e r  d a t e .  
To v e r i f y  t h e  f e a s i b i l i t y  of t h e  des ign  and t o  determine t h e  
va lues  of many of t h e  des ign  parameters,  a series of experimental s t u d i e s  
was pursued dur ing  t h e  program. L i f e  t e s t  s t u d i e s  on glass-envelope l a s e r s  
has  i nd i ca t ed  t h a t  a l a s e r  which u t i l i z e s  a hea ted  n i c k e l  cathode and a gas  
mixture  of H2,  X e ,  C02, N and H e  may be  capable  of providing t h e  d e s i r e d  2 
ope ra t i ng  l i f e t i m e  of 10,000 hours .  One l a s e r  s t i l l  on l i f e  t e s t  ha s  
operated f o r  over 3400 hours  and i s  s t i l l  above 75% of t h e  o r i g i n a l  output  
power. 
An ultra-high-vacuum meta l  so lde r ing  technique was developed f o r  
t h e  attachment of gal l ium a r sen ide  windows t o  meta l  s u b s t r a t e s ,  r ep l ac ing  
epoxy j o i n t s  now used. The technique should al low temperature  cyc l ing  of 
t h e  gal l ium a r sen ide  window from a t  l e a s t  -196 '~  t o  +200°c, a l though tests 
t o  d a t e  have only been performed between -196 '~  and 20 '~ .  
Tes t s  on mock-up l a s e r s  have ind i ca t ed  t h a t  t o  achieve maximum 
e f f i c i e n c y  from t h e  l a s e r ,  a coax ia l  e l ec t rode  des ign  should be used. Cathode 
f a l l  s t u d i e s  on varEous p o s s i b l e  cathode m a t e r i a l s  have shown t h a t  approximately 
2 w a t t s  o f  e lec t r fca l  power not  useable f o r  laser a c t i o n  wI1.I be dissipated 
in the tube electrodes if a nickel cathode is used.  P la t inum cathodes would 
e x h i b i t  almost twfce t h i s  power l o s s .  
The power supply t o  be used wi th  t h e  l a s e r  w i l l  be capable  of 
an ou tput  v o l t a g e  of 3.5 kV continuous w i th  5 kV l a s e r  s t a r t i n g  p u l s e s ,  and 
w i l l  use  a c t i v e  c u r r e n t  r egu la t i on .  The supply w i l l  a l s o  be capable  of s t ep -  
w i s e  cu r r en t  set s o  t h a t  op t imiza t ion  of t h e  l a s e r  ou tput  power w i l l  be pos- 
s i b l e  throughout i t s  u s e f u l  L i fe .  The power supply w i l l  have an  o v e r a l l  
e f f i c i e n c y  of about 80%. 
The experimental tests have d e f i n i t e l y  shown t h a t  t h e  des i r ed  
s p e c i f i c a t i o n s  a r e  f e a s i b l e  wi th  t h e  proposed des ign  and t h a t  breadboarding 
of t h e  l a s e r  should be s t a r t e d  i n  t h e  next phase (Phase 11) of t h e  c o n t r a c t .  
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UPENDLX k 
Mew Technology 
Low Temperature Metal Soldering Technique 
f o r  Gallium Arsenide Opt ica l  Windows 
Meta l iz ing  techniques have previous ly  been developed f o r  Gallium 
Arsenide i n  t h e  semiconductor device indus t ry .  During t h i s  program, t h e s e  
techniques have been u t i l i z e d  t o  develop a procedure by which h igh  r e s i s t i v i t y  
Gallium Arsenide o p t i c a l  windows can be soldered t o  a meta l  s t r u c t u r e  without  
des t roying  t h e i r  o p t i c a l  q u a l i t y .  The meta l  s e a l s  which a r e  made by t h i s  
process  wi ths tand  thermal shock and a r e  vacuum t i g h t .  
Sec t ion  4.3 of t h i s  r epo r t  d e t a i l s  t h e  technique developed. 
